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Abstract 
Polymer-based electrolytes have gained much attention in recent decades due to their 
many advantages including high thermal and chemical stability, and the consequent 
enhanced safety in lithium ion batteries. Also, thin-film manufacturability and 
mechanical strength make the polymer-based electrolyte excellent candidate for the 
development of thin, flexible lithium ion battery. One main issue with polymer 
electrolytes is their lower ion conductivity compared to that of conventional liquid 
electrolytes. In this dissertation, the properties of polymer-based solid and gel electrolytes 
and their applications for lithium ion batteries have been investigated. The focus of this 
dissertation is the influence of selected additives including nanofillers, and ionic liquids 
on the performance of the polymer electrolytes and flexible lithium ion batteries.  
The effect of nanofillers on ion conductivity of polymer electrolytes is investigated 
using a continuum, bulk level approach. Based on the free volume theory, a model of the 
ion conductivity enhancement of polymer electrolyte as a function of nanofiller content is 
proposed. The model could fit to various experimental results of ionic conductivity 
enhancement and degradation. It could also be used to fit the temperature dependency of 
the ionic conductivity. The influence of the nanofiller is also studied at the molecular, 
discrete level using the molecular dynamics simulations of a polymer nanocomposite 
electrolyte. It is found that the embedded nanofiller can affect the salt dissociation, 
lithium-ion mobility, and the dynamics of polymer chains. Those effects can depend on 
the surface functionality and size of the nanofiller. 
	   viii	  
Furthermore, the effect of ionic liquid on polymer electrolyte performance is 
investigated. A highly conductive ionic liquid (IL), 1-Ethyl-3-methylimidazolium 
dicyanamide (EMIMDCA), with ionic conductivity as high as 27 S/cm, is incorporated in 
poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP) polymer matrix and 
lithium salt (i.e., lithium perchlorate) to form the polymer-IL electrolyte. The obtained 
electrolyte is a freestanding thin-film and exhibits solid-like appearance. Due to its high 
stability, the polymer-IL electrolyte film is used for a low-cost, simple lamination method 
to fabricate high performance flexible lithium ion batteries. The battery shows relatively 
stable energy delivery capability and can function in both flat and bent configurations. 
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Chapter I Introduction 
1. Motivation and objectives 
Our daily lives have been significantly transformed with the emergence of portable 
electronics, including cell phones, laptops and tablets. The prevalence of these portable 
devices, has led to higher requirements for the sustainable power sources including 
smaller size, lighter weight, enhanced safety and stability to meet the ever-increasing and 
multi-faceted demands of the modern consumers [1-3]. Among the competing storage 
devices, lithium-ion batteries (LIBs) have gradually dominated the market due to their 
superior merits including high energy density, high output voltage, long life and 
environmentally friendly operation. Nowadays, billions of lithium-ion batteries are 
produced each year for the consumers to power their cell phones, tablets, laptops and 
other [4]. This huge market promotes scientists and engineers to seek new materials and 
structures for designing advanced lithium ion batteries. Besides the general requirements 
from the energy storage perspective, the mechanical flexibility of LIBs has also attracted 
increasing attention. The main objective of this research is to investigate suitable 
materials and structures for high performance flexible lithium ion batteries with an 
underlying focus on the polymer electrolytes. 
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2. Energy storage 
2.1 Overview 
In today's world, the demand for energy is ever increasing. From individuals to 
industries, all require higher amount of energy or power that is confined to less space, 
area or thickness or smaller weight. Over the past centuries, fossil fuels have been the 
major source of energy, however, environmental issues associated with this type of 
energy production, has raised many concerns. In addition to the pollution caused by fossil 
fuel consumption, another problem is that fossil fuels are not renewable. In the absence of 
suitable replacements, the energy crisis could lead to severe global, economical and 
social adverse effects. To solve the energy problem, it is urgent to develop new, “green” 
energy production methods that replace the old conventional ones. These types of 
renewable energy sources include wind power, solar power, and hydroelectricity [5]. In 
certain regions of the world, they are already in commercial use.  
However, renewable energy sources are generally not as stable as the fossil fuels. 
Their energy outputs are sensitive to the weather or climate change. It is difficult to 
provide immediate response to the varying consumer demands, as these sources are not 
able to deliver regular supply that is easily adjustable to consumption needs. Therefore, 
the energy storage becomes a crucial element in the management of energy from 
renewable sources, allowing excess energy to be stored during the productive periods and 
to be released into the grid during peak hours (high consumption) when it is more 
valuable [6]. In addition to the large-scale industrial-level needs, there is a great need of 
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energy storage for individual consumer devices, and in particular, electrical energy 
storage for powering high population of mobile electronic devices, such as cell phones, 
laptops, and tablets. 
Energy storage has been a long-standing issue for human societies. Historically, many 
technologies have been developed to address energy issues. Some of them are 
categorized in Figure 1.1. Since most other types of energy will be converted to 
electricity power in our modern society, electrical energy storage (EES) is of most 
importance [7]. In the field of EES, most efforts have been focused on batteries and 
capacitors. 
 
Figure 1.1. General categories of energy storage technologies (Courtesy of H. Ardebili). 
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2.2 Batteries 
Batteries are electrochemical storage devices that can carry out conversions between 
electrical energy and chemical energy. There are three categories of batteries, i.e., 
primary batteries, secondary (rechargeable) batteries and specialty batteries for specific 
purposes. Most batteries that we can find in the market belong to the first two categories. 
The latter are mainly military and medical batteries. They have almost no commercial use 
for various reasons including cost, environmental issues, and limited market application 
[8]. All batteries, whether rechargeable or not, consist of two opposite electrodes and an 
ion conducting material (an electrolyte) between them. In case of liquid electrolyte, 
generally a separator membrane must also be used. Driven by the chemical potential 
difference between the two different electrode materials reduction and oxidation reactions 
would occur on the two electrode-electrolyte interfaces, respectively. Meanwhile the 
electrons will flow from the more negative to the more positive potential and the ions 
move through the electrolyte to keep the reactions going until all reactive materials are 
consumed. This is how primary batteries work and for rechargeable batteries, the above 
discharge process could be reversed by applying a larger voltage in the opposite direction 
and cause the battery to recharge. 
There are many important performance features of batteries. First of all is the energy 
density i.e., the amount of electrical energy per mass or volume that a battery can deliver. 
The electrical energy of a battery can be measured by discharging the battery at constant 
current and calculated by the following equation, 
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𝐸 = 𝑈 𝑡 𝐼𝑑𝑡!! , (1.1) 
where T is the total discharge time, U(t) is the voltage of the battery and I is the discharge 
current. Other properties include the power (high current discharge), working voltage, 
flatness of the discharge curve, rapid recharging, cyclability, safety and discharge 
capability at low temperature [9]. All the criteria above pose many challenges for a 
battery to be successful in the market. During the nineteenth and early twentieth centuries 
hundreds of electrochemical couples were proposed, but only Zn–MnO2 (primary), lead–
acid (secondary), and Ni–Cd (secondary) have been widely used in the market [10]. 
However, those batteries do not meet the increasing energy requirements for either 
consumer electronics or electric vehicles. Therefore, in the new century research has 
focused on the alkali metals, particularly lithium, as the lightest and most electronegative 
element in the family [11]. 
2.3 Supercapacitors 
Capacitors are very common electrical energy storage devices. A simplest capacitor 
consists of two parallel conductive plates separated by a dielectric with permittivity ε. 
The capacitance can be expressed as 
𝐶 = !"! ,  (1.2) 
where A is the surface area and d is the distance between the two plates [12]. The 
equation indicates that reducing the distance between the two charged surfaces would 
result in larger capacitance. This is the starting point of the so-called supercapacitors. In 
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supercapacitors energy is stored by either ion adsorption (electrochemical double layer 
capacitors i.e., EDLCs) or fast surface redox reactions (pseudo-capacitors). They can be 
employed together with batteries or even as replacements of them in electrical energy 
storage and harvesting applications, when high power delivery or uptake is needed [13]. 
Figure 1.2 shows the general structure of an electrochemical double layer capacitor. Due 
to the very small spacing (in nanometers) of the double layer, the capacitance would be 
significantly increased. 
 
Figure 1.2. Representation of an electrochemical double layer capacitor. 
Different from the EDLCs, in the pseudo-capacitors additional capacitance could be 
obtained by fast and reversible redox reactions between the electrolyte and some electro-
active species on the electrode surface. However, this enhancement results in a lower 
power density and the lack of stability during cycling [14]. 
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Although from Figure 1.2 we can see that the structure of a supercapacitor is very 
similar to a battery, there are also some differences between them. Unlike the batteries 
where the energy is stored inside the electrodes, supercapacitors store electrical charge 
only at the electrode surface. This different energy storage mechanism results in lower 
energy densities of supercapacitors compared to batteries. On the other hand, since 
charge-discharge process is limited on the surface rather than into the electrode bulk, the 
supercapacitors can run at high rates and provide high specific power. In addition, only a 
small fraction of the electrode materials participate in redox reactions. Therefore, the 
deterioration of the electrodes is negligible and a much longer cycle life can be reached 
for supercapacitors (i.e., above million cycles) [15]. 
 
Figure 1.3. Representation of an electrochemical double layer capacitor.   
Figure 1.3 [16] shows a typical Ragone plot (energy density vs. power density) for 
different energy storage systems. This plot also implies that batteries and EDLCs are 
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associated with different types of application, since they have high energy/low power and 
low energy/high power, respectively.  Thus, using a hybrid system, which can combine 
these two devices, can lead to a better optimization of energy output. 
2.4 Nanocapacitors 
It is well known that the capacitance of a capacitor is inversely proportional to the 
thickness of the dielectric material. With the development of nanotechnology, the 
dielectric thickness can now reach nanoscale. Capacitors based on this extremely thin 
layer of dielectric are generally called “nanocapacitors” [17-19]. Similar to 
supercapacitors, the high capacitance of nanocapacitors also originates from the 
decreasing distance between the two conductive layers. On the other hand, their 
difference mainly lies in the structural aspect. The supercapacitors usually have normal 
overall size of traditional capacitors and only the thickness of the double-layer generated 
at the electrode-electrolyte interface is in nanoscale. The nanocapacitors maintain the 
metal-insulator-metal configuration but with a nanosized insulator layer and the absence 
of double-layer. 
In addition, by using high dielectric constant materials the capacitance could reach 
even higher value [20]. However, there is a so-called “dead layer” effect that can lower 
the capacitance of nanocapaciotrs compared to the theoretical predication. For example, 
the expected capacitance based on classical electrostatics of a 2.7 nm SrTiO3 thin film is 
1600fF µm−2. But the Ab initio simulations of same-dimension capacitor system only 
shows 285fF µm−2 [21]. The dead layer is a low-permittivity thin layer existing at the 
metal/dielectric interface. It is like a low capacitance capacitor that is connected in series 
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with the dielectric film such that the overall capacitance becomes lower. It has been 
shown in our previous study [22] that this dead-layer effect can be suppressed by using 
graded dielectric films. We have calculated the enhancements of capacitance due to 
grading of selected properties of the dielectric films in parallel-plate nanocapacitor 
model, and up to 27% enhancement on capacitance has been found (more details 
regarding this study is in Appendix A). 
3. Lithium ion batteries 
3.1 Overview 
The idea of using Li as the anode in a battery is based on the fact that Li is the most 
electropositive and the lightest metal [23]. In early 1960s, primary cells with metallic 
lithium negative electrodes and non-aqueous electrolytes were introduced into the 
market. Compared to the conventional batteries with aqueous electrolytes, they possess 
many outstanding features including 
a) high operating voltage, 
b) high energy density (both per mass and per volume), 
c) low self-discharge rate, and 
d) wide operation temperature window [24].   
However, using lithium metal has some drawbacks. Its high reactivity and more 
importantly, the dendrite growth on the surface due to lithium deposition during charge-
discharge cycles, cause severe safety issues. To overcome these problems, the so-called 
“intercalation”-type electrodes were considered. Instead of depositing on the surface 
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lithium ions could insert into those electrodes. The general intercalation electrode 
reaction could be expressed as 
𝑦M! + 𝑦e! + H ⇌ M! H ,                 (1.3) 
where M is the cation in electrolyte (Li+ for lithium ion batteries) and <H> is the “host” 
material, and the coefficient y represents the ability of the host to accommodate the cation 
[25]. 
 
Figure 1.4. Schematic representation of a lithium-ion battery, the arrows indicate the 
transport directions of lithium ions and electronics while the battery is 
discharging. 
In the field of lithium batteries, a breakthrough is the use of carbon-based materials as 
the replacement of Li metal as the anode. Indeed the first commercial lithium-ion battery 
has adopted the LiCoO2/C system. Since carbon/graphite anodes could eliminate the 
dendrite growth problem, the safety issue associated with pervious lithium batteries was 
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resolved. A modern lithium-ion battery usually has a configuration as shown in Figure 
1.4. In such a battery, both cathode and anode materials are able to accommodate lithium 
ions. During charge and discharge lithium ions move back and force between two 
electrodes while electrons are flowing through the external circuit to power the electronic 
devices. Because of this feature, lithium-ion batteries are also called the “rocking chair” 
batteries.  
3.2 Cathode materials 
For most current lithium ion batteries, cathode materials are the sources of the lithium 
ions and they govern the capacity of the batteries. Therefore, the cathode materials have 
been intensively studied. Key expectations for good cathode materials are as follows [26]. 
a) The materials contain large fraction of lithium ions and they are 
accessible for fast insertion and removal. This ensures high energy and 
power density. 
b) The materials react with lithium with a high free energy of reaction. 
c) The materials should have a high mixed conductivity (both ionic and 
electronic). 
d) There should be limited or no degradation of the materials during charge 
and discharge to improve the cyclic performance. 
e) The materials have to be relatively low cost and environmental benign. 
Many cathode materials have been investigated. Among them lithium cobalt oxide 
(LiCoO2) and lithium iron phosphate (LiFePO4) are most commonly used in laboratory 
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research and commercial products [27]. LiCoO2 has a layered structure where lithium 
ions can be reversibly extracted from the structure with a corresponding change of cobalt 
oxidation. The chemical reaction of LiCoO2 is 
LiCoO! ⇌ Li!!!CoO! + 𝑥Li! + 𝑥e!,         (1.4) 
where 0 ≤x ≤0.5 to keep the structure of LiCoO2 stable [28]. In comparison to LiCoO2, 
LiFePO4 is superior in terms of cost, natural abundance, and safety [29]. It has an ordered 
olivine structure. The extraction of lithium from of LiFePO4 can be written as 
LiFePO! − 𝑥Li! − 𝑥e! ⇌ 𝑥FePO! + (1− 𝑥)LiFePO!.         (1.5) 
It shows that there is a second phase, FePO4, during the extraction of lithium [30]. 
3.3 Anode materials 
As mentioned before, replacing the unsafe lithium metal by carbon-based materials as 
the anode is a milestone in the development of lithium ion batteries. Since then the 
carbonaceous compounds, either graphite or coke (i.e., high carbon content), have 
become the “standard” anode materials for lithium ion batteries [31]. There are two main 
reasons: low cost and low operational potential. The mechanism of lithium intercalation 
in those anodes is well known as lithium ions reversibly insert into the space between 
discrete graphene layers, to reach the formation of LiC6 with a maximum theoretical 
capacity of 372 mAh/g [32]. The reaction is 
𝐿𝑖! + 6𝐶 ⇌ 𝐿𝑖𝐶!.          (1.6) 
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This process occurs at voltages below the decomposition limit of the most common 
electrolytes. Thus, over the first several charge-discharge cycles, a thin protective layer is 
generally formed at the surface of the anode. The formation of this so-called solid 
electrolyte interphase (SEI) will consume lithium ions resulting in irreversible capacity 
loss [33]. Furthermore, the gas generated during the formation of SEI can be a safety 
hazard. 
Although the carbon-based materials are dominating this field, some alternative 
anode materials have also been investigated. For example, the LiyM (M=Sn, Pb, Si, In, 
etc.) type alloy anodes have much higher capacity about 800-3000 mAh/g. However, it is 
difficult to reach long cycle life due to the volume expansion of those electrodes [34]. 
Transition-metal oxides (MO, where M is Co, Ni, Cu or Fe) are another promising type 
of anode materials. It has been reported that electrodes made of nanoparticles of 
transition-metal oxides demonstrate electrochemical capacities of 700 mAh/g, with 100% 
capacity retention for up to 100 cycles and high recharging rates [35]. 
The volume change induced structural degradation of the anode materials is always 
an obstacle for the goal of long cycle life. However, there is an anode material Li4Ti5O12 
that is promising to solve this problem. The lithium intercalation/de-intercalation process 
is 
Li!Ti!O!" + 3Li! + 3𝑒! ⇋ Li!Ti!O!".            (1.7) 
This material generally undergoes very little change in lattice dimensions, thus it is 
considered as an almost “zero-strain” electrode material [36]. Lithium batteries using this 
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material are expected to have good cycle performance and enhanced safety. However, the 
intercalation potential of Li4Ti5O12 is high (~1.5 v.s. lithium metal) therefore, making the 
output voltage of the full batteries lower than that of the current ones using graphite 
anode [37]. This may be of less concern in the future, since the voltage required by the 
electronics tends to be progressively reduced with time and new technologies. Under this 
condition, Li4Ti5O12 would be considered as a better choice for anode materials because 
of its improved cyclability and safety [32].  
3.4 Electrolytes 
Electrolyte is the basic component of many electrochemical devices including 
batteries, supercapacitors, and fuel cells. Despite the difference in their applications, 
electrolytes can be generally considered as materials that contain “free” mobile ions that 
transfer electrical charge from one electrode to another.  On the other hand, electrolytes 
have to be perfect insulators for electrons, otherwise leading to short circuit inside the 
device. In the design of lithium-ion batteries, the electrolyte plays a very important role. 
Serving as the medium for Li ions transport, the electrolyte usually defines the rate of 
energy output of the battery while the nature of electrodes (usually the cathode) decides 
the capacity. The following are some requirements that a preferred electrolyte should 
meet:  
a) high ionic conductivity and low electronic conductivity to facilitate ion 
transport and prevent self-discharge,  
b) a wide electrochemical window to match the high working voltage of 
lithium-ion batteries,  
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c) low reactivity towards other components in the battery, and  
d) it should be environmental friendly [38].  
Inside the batteries, electrolytes are in intimate contact with both cathode and anode. 
Thus, their electrochemical stability is of great concern. Figure 1.5 shows the different 
energy levels of electrodes and electrolytes. For the electrolyte, the operational “window” 
is the energy difference Eg between its lowest unoccupied molecular orbital (LUMO) and 
its highest occupied molecular orbital (HOMO). The two electrodes have different 
electrochemical potentials (their Fermi energies εF) µA of the anode and µC of the 
cathode. In a battery, if the µA is above the LUMO of the electrolyte, then the electrolyte 
will be reduced, unless a passivation layer (SEI) creates a barrier to electron transfer from 
the anode to the electrolyte LUMO. That is the case for the graphite anode. Similarly, the 
electrolyte will be oxidized in contact with a cathode having a µC below the HOMO 
unless a passivation layer blocks the electron transfer. Therefore, the electrolyte should 
either have a wide window-Eg or be able to generate a stable SEI layer at the surface of 
the electrodes. 
For lithium ion batteries, liquid type electrolytes are the most widely used 
conventional electrolytes due to their fast ionic conductivities. From safety point of view, 
solid electrolytes and gel electrolytes are more advantageous. 
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Figure 1.5. Schematic of the relative electron energies of electrodes and the electrolyte 
[39]. 
3.5 Other components  
From electrochemical point of view, cathode, anode, and the electrolyte construct the 
core of an LIB. However, LIB also requires additional components to function properly. 
For example, to avoid direct contact between cathode and anode in liquid electrolyte, a 
separator is required. Other components like current collectors for electrodes and the 
encapsulation are also important in practical batteries. 
A separator used in an LIB is usually a porous membrane that is permeable to ionic 
flow but is an electrical insulator and must also prevent physical contact between the two 
electrodes. The general requirements of separators are often associated with their 
thickness, permeability, porosity, wettability, stability, mechanical strength, and pore 
size. There are many commercial separators available in the market from cellulosic 
papers and cellophane to nonwoven fabrics, foams, ion exchange membranes, and 
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microporous flat sheet membranes made from polymeric materials. Figure 1.6 shows the 
microscopic of a commercial LIB separator [40]. 
 
Figure 1.6. Scanning electron micrographs of Celgard 2325 (PP/PE/PP) separator used in 
lithium-ion batteries: (a) surface SEM and (b) cross-section SEM [41]. 
Regarding current collectors, low cost, high electrical conductivity and resistance to 
corrosion are the basic requirements. Copper (for anode) and aluminum (for cathode) are 
most commonly used current collectors. In addition, some other materials like graphene 
papers [41], nickel mesh [42] have also been investigated. 
4. Liquid electrolytes 
4.1 Organic solvents 
The simplest way to generate free ions is to dissolve the corresponding salts in the 
liquids. Water, the most common solvent, presents many advantages including low cost, 
high polarization, and high ionic conductivity and the aqueous electrolytes have been 
used in traditional (i.e., non-lithium) batteries. However, the low decomposition potential, 
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theoretically only 1.23 V, and the reactivity with lithium make it almost impossible to be 
used in lithium ion batteries with a general voltage higher than 3 V [43].  
Organic solvents, in particular, the carbonates, are good replacements for water. 
Currently, the most commonly used electrolytes are carbonates or carbonate blends 
consisting of one or more of the following: propylene carbonate (PC), ethylene carbonate 
(EC), diethyl carbonate (DEC), dimethyl carbonate (DMC), or ethylmethyl carbonate 
(EMC) [44]. Some properties of the common carbonates are summarized in Table 1.1. 
Table 1.1. Some properties of common carbonates [38]. 
Solvent Tm/°C η/cP, 25 °C ε, 25 °C ρ/gcm-3, 25 °C 
EC 36.4 1.9 89.78 1.321 
PC -48.8 2.53 64.92 1.2 
DMC 4.6 0.59 3.107 1.063 
DEC -74.3 0.75 2.805 0.969 
 
A desirable solvent should dissolve lithium salts effectively in proper conditions and 
also have a low viscosity (η) to facilitate ion transport. In addition, safety and stability 
must be addressed. However, electrolytes using single solvent can hardly meet those 
requirements, so a mixture of two or more types of solvents is usually employed to make 
an optimized liquid electrolyte. A commercial liquid electrolyte used commonly in our 
lab consists of 1 mol/L LiPF6 in a mixture of EC, DMC, and DEC (2:1:2 in volume), 
where the ionic conductivity could reach 10-2 S/cm. 
	   19	  
Recently, room-temperature ionic liquids (RTILs) have been considered as alternative 
electrolytes for Li-ion batteries. This consideration is mainly form safety and stability 
point of view. Unfortunately, they have a relatively higher viscosity, which reduces their 
Li-ion conductivity. 
4.2 Lithium salts 
Another important component of liquid electrolytes are the lithium salts. Unlike their 
liquid partners (organic solvents) the combination of two or more types of lithium salt in 
the formulation of liquid electrolytes is very rare. The reason is that different lithium salts 
may not necessarily complement each other to enhance the final performance of the 
liquid electrolytes and can counteract individual benefits. The requirements of lithium 
salts lie in two aspects. First is the solubility, which ensures the concentration of lithium 
ions to be sufficient for fast electrode reactions. The second is the stability of the anions. 
In order to increase the solubility, the anions of the lithium salts are usually much larger 
than the lithium ions and have complex structures. Those anions might undergo 
decomposition in the potential range of a working LIB [45, 46]. 
Lithium hexafluorophosphate (LiPF6) and lithium perchlorate (LiClO4) are two 
commonly used lithium salts. LiPF6 is the only lithium salt that has been commercialized 
as the solute in liquid electrolytes used for almost all the LIBs in the market. It has 
relatively high ionic conductivity in non-aqueous solvents based on mixed carbonates. 
For example, in EC/DMC (1:1) the conductivity is 10.7 mS/cm [47]. The major problem 
of LiPF6 is the sensitivity toward moisture and high temperature, causing tremendous 
difficulty in preparation, storage and purification. 
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Unlike the success of LiPF6 in the market, LiClO4 has been a popular lithium salt in 
laboratories for research purpose because it is inexpensive and easy to handle compared 
to LiPF6 [48]. It has satisfactory solubility and good conductivity (∼9.0 mS cm-1 in 
EC/DMC at 20 °C) [49]. However, the high oxidation perchlorate anion makes LiClO4 
impractical as an electrolyte solute for large scale industry purposes [50]. 
5. Solid polymer electrolytes 
Although liquid electrolytes are widely used for most commercial lithium-ion 
batteries, the safety is always a concern. Leakage of those flammable organic solvents is 
the major problem associated with conventional liquid electrolytes. In addition, the 
fluidity of the liquid electrolyte usually requires a rigid container thus increasing the 
overall weight of the battery. To make a safer lithium-ion battery, solid (solvent-free) 
electrolytes have gained much attention. Currently, there are two types of solid 
electrolytes. One is based on polymers and the other is inorganic ceramics.  
While the ceramic solid electrolyte family has a long list of members, in the field of 
solid polymer electrolytes most attentions have been focused on polyethylene oxide 
(PEO)-based materials, owing to their excellent salt-dissolving ability, availability at 
various molecular weights, and attractive mechanical properties [51]. Ion conduction in 
ceramics is based on the general diffusion mechanism by which ions move through 
vacancy and interstitial sites inside the materials [52]. On the other hand, the transport of 
lithium ions in polymers relies on the so-called ion hopping mechanism. For PEO-based 
materials the positive charged lithium ions are coordinating with the negatively charged 
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ether oxygen atoms. With the motion of the PEO chains lithium ions could hop from one 
available site to another. Therefore, the movement of ions is coupled with the motion of 
polymer chains [53]. Figure 1.7 illustrates these two different mechanisms [Ref]. Another 
major difference between ceramic electrolytes and polymer electrolytes lies on the 
mechanical properties. Ceramic electrolytes usually have high elastic moduli (i.e., 
stiffness) that make them more suitable for rigid battery designs. Also, ceramics are more 
stable in aggressive environments like high temperature working conditions. Polymer 
electrolytes, on the other hand, are soft and able to comply to shape change of the battery 
so they are favored in the designs of flexible batteries. In addition, it is easier to process 
polymers than ceramics, which reduces the fabrication costs [54]. In our lab, we focus on 
polymer electrolytes. 
 
Figure 1.7. Comparison of ion conduction in (a) ceramics and (b) polymer matrix. 
Despite all their advantages, the application of solid electrolytes is still restricted by 
their low ionic conductivity compared to that of their liquid counterparts. Figure 1.8 
shows the comparison of ionic conductivity of several solid and liquid electrolytes. How 
to increase the ionic conductivity of solid electrolytes, therefore, has become a focused 
research subject, and several methods have been proposed. Based on the conduction 
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mechanism of polymer electrolytes as shown in Figure 1.7, the motion of polymer chains 
largely governs the transport of ions. The most common approach to promote that motion 
is adding liquid plasticizers like organic solvents [55], low molecular weight polymer 
[56], and ionic liquids [57]. Experimental results show that the room temperature ionic 
conductivity of those plasticized solid polymer electrolyte could reach the level of 10-4-
10-3 S/cm. However, this approach introduces liquid phase into the solid polymer 
electrolyte, so the mechanical properties electrolyte are compromised.  
 
Figure 1.8. Ionic conductivity comparison of various electrolytes. 
In the year of 1998, F. Croce and coworkers found that adding nano-sized ceramic 
fillers to the solid polymer electrolyte could enhance the ionic conductivity [58]. They 
prepared their electrolytes by dispersing nanofillers into the solution of PEO and lithium 
perchlorate. The obtained electrolytes had ionic conductivity of about 10-5 S/cm at 31°C 
versus 10-8 S/cm of the filler-free ones. This new class of solid polymer electrolytes, 
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usually referred to as polymer nanocomposite electrolyte (PNCE), also had improved 
mechanical properties. This discovery attracted intensive attentions and various 
nanofillers were studied [59-62]. Although the enhanced ionic conductivity has been 
confirmed, it is still insufficient for practical applications in high performance lithium-ion 
batteries. 
6. Gel electrolytes 
Since both the liquid electrolyte and the solid polymer electrolyte (including polymer 
nanocomposite electrolytes) have their own advantages and drawbacks, a combination of 
them — gel polymer electrolytes (GPEs) have gained attentions [63]. As shown in Figure 
1.9, GPEs are comprised of liquid electrolyte and a polymer network where those liquid 
electrolytes are trapped. The polymer matrix could provide mechanical support while the 
lithium ions are moving in the liquid phases. Thus the ionic conductivity essentially is in 
the same level as that of the liquid electrolyte if sufficient amount of liquid electrolyte is 
retained. They differ from the above plasticized solid polymer electrolytes in the way that 
the ion conduction is no longer associated with the motion of polymer chains so that 
other polymers rather than PEO could be used. Indeed, polyacrylonitrile, 
Polyacrylonitrile, PAN, poly(methyl methacrylate), PMMA, and Poly(vinylidene 
fluoride-co-hexafluoropropylene), PVDF-HFP have been intensively studied as the 
polymer hosts for gel polymer electrolytes [64-68]. GPEs usually show higher 
conductivity (compared to solid polymer electrolytes) and higher stability (compared to 
liquid electrolytes). These are expected results since GPEs are actually comprised of 
those two kinds of electrolytes.  
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Gel polymer electrolytes are usually made with the general solution-casting method. 
Depending on the different polymer matrix, the obtained gel electrolytes could be either 
paste-like (e.g., PMMA-based gel electrolytes) or solid-like (PVDF-based gel 
electrolyte). For the PVDF-HFP gel electrolytes, beside the general solution-casting 
method, there is another route to make a free-standing thin film proposed by Tarascon 
and coworkers [69]. In their approach, a lithium-free gel polymer electrolyte was first 
obtained by casting a PVDF-HFP/solvent solution. Then, the solvent in the GPE was 
removed to leave plentiful micro-pores inside the PVDF-HFP. This microporous solid 
membrane could re-swell in general liquid electrolytes to form the final gel polymer 
electrolyte. The significant benefit of this method is that only the last re-swelling step 
requires controlled environment (inside the glove box) and other steps could be done 
under general conditions, so that the processing cost would be reduced. 
 
Figure 1.9. Schematic of a gel electrolyte. 
In summary, the electrolyte is an essential component in any lithium-ion battery. Its 
formulation profoundly affects the performance of a battery in many aspects. Compared 
to the research in electrodes, study in electrolytes is relatively divergent owing to 
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diversity of the available materials. This situation is even more complex after introducing 
polymer to the picture. Although numerous electrolytes have been investigated, the 
development of lithium-ion batteries always raises new challenges. For example, to 
support the high voltage (~5 V) lithium-ion battery, electrolytes with corresponding wide 
electrochemical widow are essential [70]. Such demands would screen out many 
currently using electrolyte materials and provoke new discoveries in this area. 
7. Molecular dynamics simulation in materials science 
7.1 Overview 
In the past, scientific studies usually have been carried out either theoretically or 
experimentally. In experiments, a sample of the material is prepared and is subjected to 
various measurements. By changing the experimental conditions, we can discover the 
relations behind the obtained results. In theoretical research, a model of the system is 
constructed based on several assumptions to describe the behavior of interested 
properties. The validation of the model could be accomplished by comparing the 
modeling results to the experimental results. To reach new findings in materials science, 
experiments are often very costly and time consuming especially for some “extreme” 
conditions. On the other hand, the models are usually in the form of complex mathematic 
equations that are difficult to solve theoretically. The advent of high-speed computers has 
altered this scenario and brought a third approach, computer simulation, to investigate the 
research problems. Computer simulation also called computer experiment has been 
developed rapidly and now it plays an important role in material science. It can shorten 
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the time period of a discovery going from laboratory to industrial level by avoiding some 
time consuming and labor-intensive experiments. It can help researchers to better 
understand the strengths and weaknesses of potential material candidates at early stage of 
materials design [71]. 
In a computer experiment, a “sample” is constructed according to the model of the 
material. Then the “sample” is tested by applying certain conditions. Under different 
conditions the “sample” will respond according to the equations based on the model. All 
the processes are carried out by computer calculation using high efficiency algorithm. 
Molecular dynamics is one of those computer simulations. It is a powerful tool to 
understand the problem at molecular level. It assumes that the atoms are rigid points and 
their motions follow the Newton’s equations of motion. After setting the initial status of 
the system, it will evolve with time based on the interactions between all the atoms. The 
information of the system (e.g., temperature, pressure, volume) could then be extracted.  
7.2 Fundamental and methods 
In molecular dynamics, the motion of all atoms are obtained by integrating the 
Newton’s equations of motion given by [72]: 
𝑚! !!!!" = 𝐹! 𝑟! , 𝑟! + 𝐹!(!!! 𝑟! , 𝑟! , 𝑟!)…  
!!!!" = 𝑣! ,             (1.8) 
where mi, vi, ri, are the mass velocity, position of the atom i, respectively. F2 is the force 
function for pairwise interactions between any two atoms i and j while F3 is the force 
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function for three-body interactions. Items for interactions between more than three 
atoms could be added after F2 and F3. In Equation 1.8, the positions are decided by the 
initial structure of the system and the velocity could be set according to the temperature. 
However, the interactions between atoms (F2, F3, and more), also called force field, are 
not easy to determine. It could be very simple like in Lennard-Jones liquids or very 
complex as in polymer and biomolecules. 
The results from molecular dynamics simulations are essentially the trajectories of all 
the atoms in the system at different times. Those “raw” data provide the microscopic 
information of the system that may not be of interest. Macroscopic properties are often 
those that we want to investigate. Statistical mechanics is the link between the 
microscopic world and reality. According to statistical mechanics, physical quantities are 
the averages over the system’s microscopic configurations distribution according to a 
certain statistical ensemble i.e., the ensemble averages. Therefore, the extraction of a 
physical quantity from the simulation results could be considered as simply, averaging it 
over all microscopic states.  
7.3 Applications and limits 
The first published application of molecular dynamics simulation dates back to 1957 
[73]. Alder and Wainwright investigated the phase transition for a system of hard 
spheres. Hard spheres represent the molecules in the system, they move at constant 
velocity between perfectly elastic collisions. This interaction is pretty simple so the 
simulation could be handled with those “old” (from modern point of view) computers. 
Today, molecular dynamics simulation has been applied to the research on various 
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materials spanning from crystals to proteins; and different phenomena including transport 
processes and phase transitions. In addition, some new technologies have been developed 
like ab inito molecular dynamics [74] and steered molecular dynamics [75]. 
However, there are some limits associated with molecular dynamics simulation. 
Although the capabilities of current computers have dramatically increased compared to 
before, they are still not realistically compatible for using molecular dynamics and to 
study macromolecules in details, because of the long relaxation times. Also, limited by 
the computational power, simulations of long time (~ms) behavior are expensive. 
Another limit comes form the force field. Unlike the first principle, the simulation is 
often based on some basic physical constants, and the choice of force filed is more 
empirical, therefore, it may introduce some inaccuracy.      
8. Flexible lithium ion batteries 
8.1 Overview 
Consumer electronics are becoming thinner, lighter, flexible, and even wearable. The 
flexible electronics may undergo bending, twisting, and folding while maintaining their 
functionalities. Some conceptual products, like the fluid smartphone from Philips, Nokia 
Morph Concept, have already been introduced to the public. Flexible electronics are 
leading a revolution in relevant industry fields and will influence our future lifestyles. For 
flexible electronic devices, a key requirement would be the corresponding flexible power 
source. Unfortunately, most power devices (e.g., batteries) currently used for portable 
electronics, are too rigid, thick, and bulky. Therefore, developing flexible power sources, 
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such as flexible LIBs, capable of conforming to the device shape change are urgently 
required to integrate with flexible electronic products [76]. A paramount requirement for 
flexible LIBs is that they should be able to work as well as the ordinary batteries 
especially when they are under common mechanical strains, such as under bending, 
twisting or other deformation modes for long-term use. Moreover, safety is always a 
priority and it is even more critical for flexible LIBs due to the possible shape change. 
This should be considered with great care [77]. However, profound challenges are present 
in both material science and assembly technology, to meet those requirements. First, all 
the materials used in such batteries, including the electrode-active materials, ionic 
conducting materials (electrolytes), current collectors, and the encapsulation materials are 
essentially required to possess robust flexibility. Meanwhile, the general requirements, 
i.e., high capacity, cycling stability, good conductivity should not be compromised. On 
the other hand, since the rigid cases are eliminated for flexibility, compact packing is 
necessary to guarantee the integrity of the flexible battery especially during deformation. 
8.2 Progress 
During the past several decades, many structural and material designs have been 
proposed to fabricate a flexible LIBs [78-86] Min Koo and coworkers developed an all-
solid-state bendable lithium-ion battery and integrated it with a flexible light-emitting 
diode (LED) [78]. Liangbing Hu et al., designed a paper-based lithium-ion battery which 
employed carbon nanotube instead of the traditional metals as the current collector to 
enhance the flexibility [79]. Sheng Xu and others proposed self-similar interconnects to 
	   30	  
pack a set of cells to form a highly stretchable battery [80]. More comprehensive survey 
in this research area can be found in two recent reviews [77, 87]. 
9. Outline of the dissertation 
This dissertation aims to investigate the properties of polymer electrolytes and 
explore the potential applications in flexible lithium ion batteries. Related research 
approaches and experimental results will be discussed. 
Chapter I presents the motivation and objectives of this study. Relevant background is 
introduced including energy storage, lithium ion battery, and molecular dynamics 
simulation. The focus here is on polymer electrolytes. 
Chapter II proposes a theoretical model for the mechanism of ionic conductivity 
enhancement by incorporating nano-sized filler to polyethylene oxide (PEO)-based solid 
polymer electrolyte. The details of the modeling and the comparison with some published 
experimental data are provided. 
Chapter III describes an atomistic and molecular dynamics simulation of 
nanocomposite solid polymer electrolyte. The model, force field, simulation details and 
results are discussed. 
Chapter IV investigates the application of the above solid polymer electrolyte in 
flexible lithium ion batteries. The fabrication methods of the electrolyte and the battery as 
well as their performance are described. Solid electrolyte based on Poly(vinylidene 
fluoride-co-hexafluoropropylene) (PVDF-HFP) is introduced and tested.   
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Chapter V shifts to PVDF-HFP based gel polymer electrolyte because of the expected 
high ionic conductivity. Its composition, ionic conductivity, and the performance of coin 
cell made with this type of gel electrolyte are discussed.  
Chapter VI introduces a type of ionic liquid to fabricate stable solid-like gel polymer 
electrolyte for flexible lithium batteries. The motivations of using ionic liquids, 
fabrication of the flexible battery and the enhancement of battery performance are 
explained.  
Chapter VII concludes all the results of this dissertation. The limitations and future 
work are discussed. 
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Chapter II Ionic Conductivity Enhancement Model for 
Polymer Nanocomposite Electrolytes 
1. Introduction 
1.1 Ionic conductivity enhancement of polymer nanocomposite electrolyte 
As the demand on lithium ion batteries has increased significantly during the past 
decades, their safety issue has gained more and more attention. Among all the materials 
used in LIBs the volatile, flammable organics solvents in liquid electrolytes are 
considered hazardous. Their poor thermal stabilities make them vulnerable to any abuse, 
including disposing in fire, overcharging, and external short-circuiting or -crushing. In 
those situations spontaneous heat-evolving reactions would occur and eventually might 
lead to fire and explosion [88, 89]. 
Solid polymer electrolytes (SPEs), usually consist of polyethylene oxide (PEO) and 
lithium salts, due to their advantages like safety, suppression of dendrite growth, and thin 
membrane manufacturability have attracted great attention in the past few decades [51, 
54, 90-97].  However, the major disadvantage of poor ion conductivity especially at room 
temperature still presents a challenge. Liquid plasticizers can significantly improve room 
temperature ion conductivity in SPEs [57, 98-101], but they also lead to mechanical 
instability. Another approach is to add nanosized fillers into SPEs that can increase ion 
conductivity up to three orders of magnitude without compromising the mechanical 
properties [58, 102-110]. Figure 2.1 shows some published ionic conductivity data of 
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solid polymer electrolytes with different nanofillers [111]. It is clear that nanofillers 
could enhance the ionic conductivity of solid polymer electrolytes. The origins of such 
ion conductivity enhancement in polymer nanocomposite electrolytes (PNCEs) are 
postulated as:  
a) nanofillers facilitate salt dissociation [61, 112, 113];   
b) nanofillers embedded in the polymer matrix disrupt its crystallization and 
enlarge the amorphous regions where fast ion transportation can occur [58, 
114];   
c) nanofillers stabilize the highly ion conductive channel-like crystalline structure 
[59, 115];   
d) a highly conductive layer (i.e., liquid) is present on the nanofiller surface 
(effective medium theory) [116, 117].   
However, the precise mechanisms of ion transportation in PNCEs still remain unclear.  
In this chapter, we investigate the mechanisms of lithium ion conductivity 
enhancement and degradation in polymer nanocomposite electrolytes. The study aims to 
reveal the microscopic mechanisms of ion conductivity enhancement in semi-crystalline 
PNEs. We explore the role of nanofillers in increasing ion conductivity (as well as 
decreasing) from several aspects like dissociation of lithium salts and local structural 
changes in the polymer matrix and present an equation of ion conductivity enhancement 
as a function of nanofiller loading. Our modeling of ion conductivity is based on free 
volume and the local interactions between polymer, salt ions, and nanofillers. Agreement 
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between our model predictions and experiments confirm that our postulated mechanisms 
can explain the dependence of ion conductivity on nanofillers. 
 
Figure 2.1. Ionic conductivity enhancement for different polymer nanocomposite 
electrolytes. 
1.2 Fundamental of ionic conductivity 
There are two different ways for materials to conduct electrical current corresponding 
to different charge carriers. One is through electrons. Metals are the most common 
representatives for this family. In the other type of conductors, ions are the majority of 
the charge carriers. The typical examples for those materials are the electrolytes in 
various electrochemical devices. In batteries, redox reactions occur at the two electrode-
electrolyte interfaces and ions are generated and consumed on each electrode, 
respectively. In order to maintain the reactions, the electrolyte should be able to transport 
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the new generated ions to the other electrode where the ions would be consumed. Ionic 
conductivity is a measure for such ability of the electrolytes. Electrolytes with high ionic 
conductivity could transport the ions effectively so that there would be no excess or 
insufficiency of the ions for the reactions and the battery could provide a stable power. 
Ionic conductivity is defined in the same way as for the general electrical 
conductivity which is the inverse of the resistivity: 𝜎 = !! = !! ,  (2.1) 
where J (A/m2) is the area density of the generated current in a conductor and E (V/m) is 
the applied electrical field. Thus the SI unites of ionic conductivity are Siemens per meter 
(S/m). From microscopic point of view, the ionic conductivity could also be expressed as 
𝜎 = 𝑞  𝑛  𝜇 ,  (2.2) 
where q is the charge carried by the ion, n is the concentration, and  µ represents the 
mobility [118] which is related to diffusion constant D by the following so called Nernst-
Einstein equation 
     𝜇 = !!!!𝐷,  (2.3) 
where kB is the Boltzmann constant and T is the temperature [119]. 
1.3 Diffusion in polymeric materials 
In solid polymer electrolytes, the conduction/diffusion of the ions is coupled with the 
motion of polymer chains. Figure 2.2 shows the “ion hopping” mechanism in a PEO-Li 
salt type electrolyte. The positive charged lithium ion is coordinated with the negative 
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charged oxygen atoms in the polymer chain. Accompanied with the movement of the 
chain the lithium ion could jump from one coordination site to another available location. 
After continuous jumps the macroscopic diffusion can be observed.    
 
Figure 2.2 Ion hopping mechanism in polymer electrolyte. 
For many years, the free volume theory has been widely used to investigate the 
diffusion process in the polymeric materials [120-125]. Inside the materials, the 
molecules do not occupy all the volume and some void space/free volume exists between 
molecules (Figure 2.3) [Ref] due to irregular packing in amorphous regions. The average 
free volume per molecule vf is defined by 
𝑣! = 𝑣! − 𝑣! ,  (2.4) 
where vm is the average volume per molecule and v0 is the van der Waals volume of the 
molecule. According to the free volume theory, the diffusion of the molecule is 
dependent on the size of free volume in its vicinity. This theory was first applied on a 
hard sphere liquid model by Morrel H. Cohen and David Turnbull [126]. They proposed 
that the molecule might “jump” to other location if there was enough free volume 
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adjacent to the molecule to accommodate it. Statistically, the possibility of the jump to 
occur will be higher if the size of the free volume is larger. They also suggested that the 
diffusion should be considered as a result of redistribution of the free volume within the 
material rather than as a result of activation process in the ordinary sense. Based on the 
above discussion Cohen and Turnbull developed the following relation between the 
diffusion coefficient and the free volume 
𝐷 = 𝐶!𝑒𝑥 𝑝 − !!∗!! ,               (2.5) 
where D is the diffusion coefficient of the molecule, V* is the minimum free volume for a 
molecule jump to occur, and γ is the overlap correction factor accounting for free volume 
being shared by the neighboring molecules. Vf is the average free volume per molecule 
and C0 is pre-exponential constant which is related to the gas kinetic velocities according 
to Cohen and Turnbull. 
 
Figure 2.3. Free volume in a polymer matrix. 
	   38	  
2.  Influence of nanofillers on solid polymer electrolytes 
The ionic conductivity enhancement in solid polymer electrolytes upon adding 
nanofillers has been observed by many groups. Some possible general reasons were also 
provided in the previous section. In this section the influence of nanofillers on the salt 
and the polymer would be discussed in details.  
2.1 Dissociation of lithium salts 
In the electrolyte of a lithium ion battery, the Li-ions are formed through the 
dissociation of the Li salt where the cations (Li+) and the anions (e.g., ClO4-1) are 
separated as a result of the interaction between the salt molecules and the solvent 
molecules.  In order to ensure sufficient concentration of lithium ions, the solvent should 
be able to dissolve the lithium salt effectively. It is well known that the salts would be 
easily dissolved in the organic solvents owing to the latter’s polar molecules. However, 
one could predict that for solid polymer electrolyte this process would experience some 
difficulties. The typical method to produce a solid polymer electrolyte has been to 
dissolve the polymer (e.g., PEO) and the lithium salt in a common solvent (e.g., 
acetonitrile) and then remove the solvent. In the product — polymer lithium salt mixture 
— complexes of lithium ions and the polymer host would be formed because of the 
following reaction 
𝑚 𝐿𝑖𝑋 + 𝐶𝐻!𝐶𝐻!𝑂 ! → 𝑚𝐿𝑖 ∙ 𝐶𝐻!𝐶𝐻!𝑂 ! ∙𝑚𝑋 ,  (2.6) 
where X represents the anion and (CH2CH2O) is the repeat unit of PEO [97, 127]. The 
formation of such complexes prevents the recombination of lithium ions and the anions. 
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Thus, the relatively free lithium ions (attached on the polymer chains) are generated in 
this manner for future conduction. The above reaction requires that the Gibbs free energy 
of solvation is larger than the lattice energy of the salt. So, for a given polymer, only salts 
with low lattice energy will form complexes and such salts generally have large anions 
with a dispersed charge [51]. In addition to the consideration of lattice energy of the salt, 
there are some other criteria for the polymer host in order to form the complexes that 
include: a) sufficient number of polar (basic) atoms/groups on the polymer chain to 
solvate the salt effectively; b) low cohesive energy of the polymer; and c) high flexibility 
of the polymer chain so that the reorientation of the local coordination geometry is easily 
achievable. Most qualified polymer electrolytes are based on oxygen-containing 
monomers, including ethers in PEO and poly(propy1ene oxide) and polysiloxanes. In 
general, a good polymer host should have enough Lewis base atoms/groups on the 
polymer chain so that the acidic lithium ions could coordinate with them to form the 
complex structure [127]. 
Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) results 
have shown that adding nanofillers to polymer electrolytes can increase the free ion 
fraction [128, 129]. Researchers usually attribute this to the Lewis acid-base interaction 
between nanofillers and lithium salts [130].  In addition, high dielectric constant 
nanofillers can further facilitate salt dissociation [131]. At higher filler contents, however, 
the free ion fraction can decrease due to ion pairing and trapping [132, 133]. The adverse 
effects of high filler content will be addressed later. Thus, we present a linear expression 
of ion concentration as 
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𝑛 𝑤 = 𝑛 + 𝑘!𝑤 ,  (2.7)  
where parameter k1 is the “salt dissociation efficiency” which depends on the lattice 
energy of the salt and nanofiller properties (i.e., dielectric constant and surface coating). 
Basically, we assume each single nanofiller could contribute to the dissociation of the 
lithium salt and there is no overlap of those contributions. Therefore, the total ion 
concentration n would be a linear function of the content of the nanofiller (w). 
2.2 Recrystallization and free volume of polymer matrix 
We know from Equation 2.4 that the diffusion coefficient will increase with the 
increased fraction of free volume in the polymer matrix.  In polymer nanocomposite 
electrolytes, the dispersed nanofiller can impair the recrystallization kinetics of the PEO 
polymer chains and create more amorphous and associated free volume [58, 106, 134, 
135]. This conclusion could be confirmed by the positron annihilation lifetime (PAL) 
spectroscopy results. Both the density and the average size of the free volume “holes” are 
increased because of the nanofillers [136, 137]. In addition, some molecular dynamics 
studies suggested that not only the fraction of free volume but also its distribution in the 
polymer matrix would contribute to ion diffusion [138-140]. This conclusion implies a 
percolation mechanism for ion transportation [111]. A figure 2.4 demonstrates that the 
embedded nanofillers could disrupt the organization of the polymer chain and enlarge the 
free volume.  
We assume that the free volume fraction will increase with nanofiller content until it 
reaches a limit and propose an expression for free volume fraction vf (w) as 
	   41	  
𝑣! 𝑤 = 𝑘! 1− 𝑒𝑥𝑝 −𝑘!𝑤 + 𝑣!! ,  (2.8) 
where vf0 is the free volume fraction of unfilled polymer electrolyte, k3 is the “free 
volume enhancement ratio” and k4 is the “free volume expansion coefficient”. 
 
Figure 2.4. The free volume has been increased by the nanofiller. 
2.3 Adverse effects of nanofillers 
The relation between the ionic conductivity enhancement and the loading of the filler 
is not straightforward as indicated by the variety of the curves in Figure 2.1. However, we 
can still notice a trend that when the filler concentration is increasing the ionic 
conductivity will increase slowly at the beginning and then suddenly jump up to a 
maximum and then drop down. This behavior might indicate that there are two types of 
results induced by the nanofiller competing with each other.  One is causing the increase 
of ionic conductivity (including enhanced dissociation of salts and expansion of free 
volume) which is dominating at lower filler content. The other one only has little 
	   42	  
influence when the amount of nanofiller is small but it controls the ionic conductivity to 
drop down at high filler loading. 
One of the latter type results is blocking where the presence of solid nanofillers can 
cause the ion diffusion paths to deviate from straight lines as shown in Figure 2.5. This 
effect will impair the diffusion process because of the elongated diffusion path. 
Tortuosity τ, as defined by the ratio between the deviated and original diffusion paths, is a 
characterization of this effect and can be related with the content of the nanofiller (w) by 
the following equation 𝜏 = ∆!∆! ≈ ∆!!! !"!!!∆! = 1+ 𝑁 𝜋 − 2 !∆! ≈ 1+ 𝑘!𝑤 ,  (2.9) 
where r is the radius of a spherical nanofiller, N is the number of such nanofillers in the 
travelling path and k5 is the “blocking factor” which depends on the shape and porosity of 
nanofillers [141]. Taking the tortuosity into account the diffusivity should be scaled 
following the equation: 
𝐷! = !!! ,  (2.10) 
where  𝐷! and 𝐷 are diffusivities with and without nanofillers, respectively [142]. 
 
Figure 2.5. Modified travelling path of an ion due to blocking by solid fillers. 
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At high nanofiller content some other adverse effects for ion transport could be 
triggered. Figure 2.6 illustrates the ion trapping effect. A large amount of nanofillers 
close to one another will result in a region of less polymer chains. Ions in those regions 
are difficult to form the complexes with polymer host and the chance of those ions to re-
form the salt molecules is increased [143]. Thus the ions are considered as being trapped 
in “nanofiller cages” and they could not contribute to the ionic conductivity. 
 
Figure 2.6. Ions are trapped in the region of crowd nanofillers. 
In addition, it has been shown that the polymer chain dynamics under confinements 
would be impacted [144, 145]. In polymer nanocomposite electrolytes the relatively 
heavy nanofillers would act as anchoring points embedded in the polymer matrix. With 
more and more nanofiller they will constrict the motion of polymer chains between them. 
Therefore, the ion transport will be impaired also as it is coupled with the motion of 
polymer chains. 
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Figure 2.7. The motion of polymer chains is constricted by the anchoring nanofillers. 
Large specific surface area is the outstanding characteristics of the nano-sized filler. 
In the above discussion we have ignored the interactions between each nanofiller. 
However, nanofillers exhibit strong tendency to aggregate due to their high surface 
energy and aggregation in polymer matrix is more likely to occur at higher filler content 
[146-148]. Nanofiller aggregation will lead to the reduction of the effective surface area 
of nanofillers and make them lost their functions.   
The common point of the above adverse effects is that they would become more and 
more significant when the content of nanofiller is increasing. However, at very low 
concentration of nanofiller the adverse effects are almost negligible. Thus, we use an 
exponential function as  
𝐹!" = 𝑒𝑥 𝑝 𝑘!𝑤  ,  (2.11) 
to represent the combination of the adverse effects except for the tortuosity effect. 
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3. Results and discussion 
3.1 Model for ionic conductivity enhancement 
We first define the ionic conductivity enhancement as the ratio between the ionic 
conductivity of filled solid polymer electrolytes and the ionic conductivity of the unfilled 
solid polymer electrolytes. This enhancement is a function of the filler content. The ionic 
conductivity of the unfilled solid polymer follows the general form: 
𝜎 = !!!!!!𝐷 .  (2.12) 
Equation 2.12 is the combination of Equation 2.2 and 2.3. In addition, we know from 
Equation 2.5 that in polymeric materials the diffusion coefficient is related to the free 
volume. Plugging Equation 2.5 into Equation 2.12, we obtain 
𝜎 = !!!!!! 𝐶!𝑒𝑥 𝑝 − !!∗!!  .  (2.13) 
Based on our discussions in previous section, the ion concentration n and the diffusion 
coefficient D in Equation 2.13 should both be functions of the nanofiller content w. 
Furthermore, the adverse effects need to be taken into consideration. Based on Equation 
2.7-2.11 and Equation 2.13, the ionic conductivity of filled solid polymer electrolytes 
could be expressed as 
𝜎 𝑤 = !!! ! !!!" ! ! !!∗!! !!!!!! !!"#(!!!)  ,  (2.14) 
	   46	  
where 𝐶! = 𝑞! 𝑘!𝑇  is another constant if T is fixed. Next, we obtain the ionic 
conductivity enhancement 
𝐸! = !(!)! =    !!!!!!!!!! ! 𝑒𝑥𝑝 !!!!! !!!!!!! !! + 𝐾!    𝑒𝑥𝑝 −𝐾!𝑤  ,  (2.15) 
where Ew is the enhancement of ion conductivity, w is the nanofiller content, K1=k1/n, 
K2=γv*/vf0 is the “free volume factor”, K3=k3/vf0, K4=k4, K5=k5 and K6=k6 are parameters 
to be determined by fitting to experimental results. 
3.2 Comparison to experimental results 
Equation 2.15 describes how the ionic conductivity enhancement changes as filler 
content increases. We can fit the equation to some experimental data to check its 
applicability. We first fit our model (Equation 2.15) to the ion conductivity data from our 
previous study on hybrid clay-carbon nanotube filled polymer electrolyte [149]. The 
fitting curve is shown in Figure 2.8 as dashed line. To simplify the fitting process we use 
the logarithm of the enhancement.  
It is clear that the fitting curve deviates largely from the experimental data at the 
beginning and it is more consistent with the experiment at high nanofiller contents. It 
seems that the nanofillers promote the ionic conductivity more effectively predicted by 
our model than they actually exhibit in the experiments. A plausible explanation is related 
to the concept of “free volume distribution” and the percolation mechanism in ion 
transport. Based on the previous discussion, the free volume in the matrix governs the ion 
transport. However, to conduct the ions effectively a continuous network of the free 
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volume is required. So far our model only considered the increased amount of the free 
volume by the nanofillers. At lower nanofiller contents, the dispersed nanofillers can 
increase the local free volume. But since the amount of nanofillers is relatively small, 
those additional free volume sites might be isolated in the electrolyte and are hardly 
connected together to form an effective ion transport network. So, we modify the 
expression of free volume (Equation 2.8) to 
𝑣! 𝑤 = 𝑘! 1− 𝑒𝑥𝑝 −𝑘!𝑤 1− 𝑒!!!! + 𝑣!! ,  (2.16) 
by taking into account the formation of free volume network. 
 
Figure 2.8. Fitting our original (Equation, 2.15 dashed line) and modified (Equation 2.17, 
solid line) models to the experimental data of ionic conductivity of solid 
polymer electrolyte with hybrid nanofillers (cross). 
Equation 2.16 indicates that an initial portion of nanofillers may be utilized to 
overcome the barrier of forming the percolation network and until that is complete, the 
ionic conductivity enhancement will not be realized. Consequently, our original model 
for ionic conductivity enhancement could be defined as 
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𝐸! = !(!)! =    !!!!!!!!!! ! 𝑒𝑥𝑝 !!!!! !!!!!!! !!!!!!! !! + 𝐾!    𝑒𝑥𝑝 −𝐾!𝑤  , (2.17) 
where K7 is the “percolation factor”. Then, we fit this modified model to the same ionic 
conductivity experimental data. The fitting curve (solid line in Figure 2.8) shows much 
better consistency with the experimental data. 
We also fitted the new model (Equation 2.17) to two more sets of ionic conductivity 
experimental data obtained for two widely used nanofillers investigated in literature, 
Al2O3 [150] and SiO2 [151]. Figure 2.9 compares the fitting curves and the experimental 
data. The value of each “K parameter” is listed in Table 2.1. It can be seen that our 
revised model agrees very well with the experimental results and predicts both 
enhancement and degradation of ion conductivity with the addition of nanofillers.  
 
Figure 2.9. Fitting our modified model to the experimental data of ion conductivity of 
polymer electrolyte with two more different nanofillers. 
	   49	  
In the study of polymer nanocomposite electrolyte, using SiO2 nanofiller by Walls et 
al. [151], no enhancement of ion conductivity was observed in the experiments. On the 
contrary, the ion conductivity actually was found to decrease with the addition of 
nanofillers as the plot shows in Figure 2.9. According to our proposed mechanisms, it 
indicates that the positive influences of the nanofiller have been suppressed. Thus, adding 
nanofiller could not trigger the enhancement of ionic conductivity. In that polymer 
nanocomposite electrolyte, low molecular weight (250 and 500) poly (ethylene glycol) 
dimethylether has been used instead of the PEO. Thus, the expansion of free volume and 
the increase of the dynamics of the polymer chains might not be that significant as in the 
PEO matrix because the polymer may have been already in the state of high free volume.  
Correspondingly, the value of K3 would be very small as listed in Table 2.1 since we 
know from Equation 2.16 that vanished K3 leads to invariant vf (w). Consequently, the 
adverse effects dominate from the onset of nanofiller addition, which will lead to ionic 
conductivity degradation. 
Table 2.1. The parameters used to calculate the ion conductivity enhancement in Figure 
2.8 and 2.9 (unitless). 
 K1 
(Salt 
dissociation 
efficiency) 
K2 
(Free 
volume 
factor) 
K3 
(Free volume 
enhancement 
ratio) 
K4 
(Free volume 
expansion 
coefficient) 
K5 
(Blocking 
factor) 
K6 
(Aggregation, 
trapping & 
confinement 
factor) 
K7 
(Percolation 
factor) 
Hybrid 1 5.5 3 15 3 40 6 
Al2O3 1 7.6 1.5 15 2 35 8 
SiO2 1 2 0.01 10 2 0.6 N/A 
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We also investigated the temperature dependency of ion conductivity in our model. 
We assumed that the free volume fraction vf0 is linearly dependent on temperature and 
other effects of temperature on the system are relatively negligible. Thus, among the 
parameters in Equation 2.17 only K2 and K3 are mainly changing with varying 
temperature (they are proportional to the reciprocal of temperature). We calculate the 
enhancement of ion conductivity as an exponential function of temperature due to the 
relation between the free volume and ion conductivity in our model. The temperature 
dependency results show good agreement with the experimental data [149] (Figure 2.10). 
The well-known Vogel-Tamman-Fulcher (VTF) equation predicting temperature 
dependency of ion conductivity[51, 103] was also plotted in Figure 2.10 for comparison. 
 
Figure 2.10. Fitting VTF equation (dashed line) and our model (solid line) to the 
experimental data (crosses) of ion conductivity of nanocomposite polymer 
electrolyte at varying temperatures and fixed filler content (w  =  0.1). 
In this model, many adjustable parameters are involved. We probed the role of each 
parameter by increasing its value by a factor of 2 while others were fixed. The results are 
plotted in Figure 2.11 where it can be seen that K2, K3, K6 appear to have the most 
	   51	  
dominant effects toward ion conductivity enhancement. All the parameters in Equation 
2.17 along with their values used to plot the ion conductivity curves (Figure 2.9) are 
summarized in Table 2.1. Among these parameters, K1 can be determined directly by 
FTIR experimental results. K2, K3, K4 can be derived on the basis of assumed quantities 
like maximum free volume fraction. Other parameters are chosen empirically. For 
example, since the geometrical shape of the clay-CNT hybrid filler is more irregular, it is 
expected to correspond to a higher K5 than that of the spherical Al2O3 nanofillers. 
However, this is a relatively complex multi-parameter model and fine-tuning all 
parameters can be time and labor intensive. To determine each K parameter, we must 
consider the experimental results as well as physical intuition for acceptable K value 
ranges. Another limitation of this model is that it does not address the potential coupling 
between various effects induced by the nanofillers. This aspect could be more influential 
at high filler contents. Future studies can address some of the above limitations and 
further enhance the ion conductivity model for polymer nanocomposite electrolytes. 
 
Figure 2.11. Influence of each parameter (K1, K2, K3, K4, K5, and K6) on ion conductivity 
in our model. 
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4. Conclusions 
In summary, we investigated the role of nanofillers in enhancing ion conductivity of 
polymer electrolytes for lithium ion batteries. Based on the free volume theory and the 
interaction between polymer, nanofillers and lithium salt, we proposed a model of ion 
conductivity enhancement as a function of nanofiller content. Both enhancement and 
adverse effects of nanofillers on ion conductivity were considered including salt 
dissociation, free volume expansion and distribution, diffusion blocking, filler 
aggregation, ion trapping, and chain confinement using adjustable k-parameters. Our 
model agrees very well with the experimental results. It also predicts dependency of ion 
conductivity on temperature. This model can offer insight into the fundamental 
mechanisms of ion conductivity in the polymer-salt-filler system and facilitate a more 
effective design of polymer nanocomposite electrolytes. 
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Chapter III Molecular Dynamics Simulation of Polymer 
Nanocomposite Electrolyte 
1. Introduction 
Solid polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs) have attracted 
intensive studies during the past decades due to their potential applications in various 
advanced devices including lithium ion batteries [2, 51, 90], supercapacitors [152], and 
stretchable actuators [153]. Compared to the traditional liquid electrolytes used in Li ion 
batteries, SPEs offer enhanced safety, stability and thin film manufacturability but their 
low ionic conductivity especially at room temperature has suppressed their development 
[54, 92]. One effective method to improve the ionic conductivity introduced by Croce et 
al., is adding nanosized fillers into SPE to form the polymer nanocomposite electrolyte 
(PNCE) which can produce up to three orders of magnitude enhancement [58]. Beside the 
common spherical shape, nanofillers with other shapes like rod [154], sheet [155], and 
hybrid [149], have also been utilized to obtain higher ionic conductivities. As we 
discussed in the last chapter, the reasons for the nanofiller-induced increase in the ionic 
conductivity of polymer electrolyte is still not fully understood. Ionic conductivity 
generally depends on the concentration and mobility of the conductive ions.  Recent 
experiments have demonstrated that nanofillers can facilitate the Li salt dissociation [61, 
112, 113] and therefore, increase Li ion concentration. Furthermore, experiments have 
shown that nanofillers disrupt the recrystallization of polymer matrix and consequently, 
increase the amorphous regions in the polymer matrix where the Li ion mobility is 
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relatively higher [58, 114]. However, at higher filler concentrations, adverse effects of 
nanofillers can dominate including aggregation, ion trapping, increased crystallinity, and 
constriction of polymer mobility [141, 147, 156] leading to decline in ion conductivity. 
Although a few studies have proposed models that provide interesting insights into the 
mechanisms of conductivity improvement in PNCEs [116, 117, 141], however the effects 
of nanofiller’s shape and size remain unclear.  
Molecular dynamics (MD) simulation is a powerful tool that can provide us insights 
at the molecular level on the phenomena of interest. MD simulations of polymer 
composites have traditionally focused on mechanical properties [157-163]. For example, 
some of the afore-mentioned works have shown that the nature of filler surface 
(attractive, repulsive or neutral) can play an important role in the composite mechanical 
properties. Also, the perturbed confinement of polymer chains near the solid surface has 
been investigated in the past [164-166]. Our interest is in the atomistic investigation of 
ionic conductivity in polymer electrolytes--which generally are comprised of the polymer 
host and the alkali metal salt. For example, Siqneira and Ribeiro performed united atom 
MD simulations of polyethylene oxide (PEO)/LiClO4 system [167, 168] to reveal the 
temperature and salt concentration effects on both static and dynamic properties. Others 
works have targeted the same system but focused on ion pairing and lithium ion hopping 
process [169, 170]. PEO hosts doped with different salts have also been investigated 
[171-185]. MD simulations have also been used to analyze polymer nanocomposite 
electrolytes. These works concluded that incorporation of Titania and Alumina fillers did 
not show direct evidence of ionic conductivity enhancement. In fact, the dynamics of the 
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PEO chains and the charge carriers were found to be slowed down by the nanofillers 
[178, 186-189]. There are also other polymer-based electrolytes [140, 190-196] like the 
polymer/ionic liquid mixture[194] and copolymer single ion conductor[196] that have 
been investigated by MD simulations.  
In this chapter, we focus on using molecular dynamics simulation to understand the 
shape and size effects of nanofillers on the ionic conductivity of solid polymer 
electrolytes. Specifically, we consider PEO/LiClO4 solid electrolyte with EO:Li ratio of 
10:1, with and without TiO2 nanofillers.  
2. Simulation details  
2.1 Simulation model 
We created a relatively long PEO chain with 200 CH2CH2O repeat units capped by 
methyl groups in both ends. 200 LiClO4 molecules are doped into 10 such PEO chains in 
the form of disassociated ions corresponding to the ratio between ether oxygen (EO) 
atoms and lithium ions (EO:Li) at 10:1. All atoms were wrapped into a periodic 
simulation cell with the side length of about 50 Å. That was the case without nanofiller 
denoted by PEL. Based on the PEL case, we made a void in the center of the simulation 
box by pushing PEO and LiClO4 atoms in the central region away and placed the TiO2 
nanofiller inside to form our desired nanocomposite. The position of the nanofiller was 
fixed during the simulations to approximate the behavior of solid polymer 
nanocomposites.  
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Figure 3.1. Simulation cases of PNC1(2.4) (a), PNC2(1.2) (b), and PNC3(rod) (c) 
visualized by VMD. Lithium ions and nanofiller atoms are shown in solid 
spheres. 
In order to investigate the influence of nanofiller’s shape and size we created 3 
nanofillers. Two spherical TiO2 nanofillers with diameters of about 2.4 nm and 1.2 nm 
and a rod-like nanofiller with diameter of 1.5 nm and height of 4 nm were cut from a bulk 
TiO2 crystal (rutile). The dimensions of the rod-like nanofiller are chosen to ensure the 
same volume as that of the larger spherical nanofiller. Some surface atoms were removed 
to make the ratio Ti:O=1:2. For convenience, hereafter we name the simulation case with 
the larger spherical nanofiller PNC1(2.4), the simulation case with the smaller spherical 
nanofiller PNC2(1.2) and the one with the rod-like filler PNC3(rod). In addition, we 
created two other simulation cases by modifying the Li ion-nanofiller and PEO-nanofiller 
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interactions in PNC1(2.4) and PNC2(1.2) to purely repulsive by setting the attraction 
terms in the force field to zero (in experiments this could be done by chemical 
functionalization of the nanofiller’s surface) and we call these new cases PNC1-SR and 
PNC2-SR, respectively. Such artificial filler surfaces have been used in a previous MD 
study [186]. Figure 3.1 shows three of our simulation cases PNC1(2.4) (a), PNC2(1.2) 
(b), and PNC3(rod) (c). The simulation cases are visualized using the Visual Molecular 
Dynamics (VMD) [197]. 
2.2 Discussion of the model 
Due to the complexity of the atomistic models only one nanoparticle is included in 
each case. To investigate the effects of nanofiller concentration a much larger model 
including the desirable number of nanofillers and extremely intensive computation are 
required for atomic level molecular simulations. Therefore, the influence of nanofiller 
concentration is outside the scope of this study. Also, in an experimental case the TiO2 
filler particles may not have a strictly defined mono-dispersed size and shape. This mixed 
particle-size distribution could not be captured in our very idealized models. However, 
from our simplified models some insights for choosing nanofillers to achieve higher ionic 
conductivity could be offered. Also, the results in this study would be helpful to explain 
some observations from relevant experiments. In addition, the actual polymer 
nanocomposite electrolytes used in lithium-ion batteries can be highly complex and may 
involve high molecular weight polymer (i.e., >100,000) and other possible additives such 
as plasticizers. The molecular dynamics models created in this study were simplified to 
meet the computational demands involving shorter polymer chains lengths and excluding 
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the plasticizer. Since the polymer chains in our model are amorphous and one of the main 
roles of plasticizers is to reduce the crystallinity of the bulk polymer, our results can be 
applied to the case of polymer electrolyte with plasticizer. However, the addition of 
plasticizers can increase the complexity of the force field and the expected enhancement 
of lithium ion mobility would be attributed to multiple factors rather than the isolated 
properties of nanofillers.  
Furthermore, nanofillers appear to play a significant role in the electrode/electrolyte 
interfacial properties in Li ion batteries. Experimental results show that nanofillers could 
stabilize the electrode/electrolyte interface and decrease the interfacial impedance during 
storage and cycling of lithium-ion batteries [198-201]. The models created in this study 
represent the “bulk” polymer electrolytes only and the interface of the electrolyte with the 
electrodes has not been considered. So the results obtained here are not expected to 
provide all the essential criteria for the formulation of the electrolyte materials, and 
nanofiller’s role in the interfacial conductance of the electrolyte has been ignored. Future 
MD simulations may provide insight into the mechanisms of nanofiller effects on 
electrode/electrolyte interfacial transport. 
2.3 Force field 
The choice of an appropriate force field plays a critical role in MD simulations. In 
this work we adopted force fields from previous studies [164, 167, 186, 202, 203]. The 
assembled potential energy consists of bonded and non-bonded energy in the following 
forms 
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𝑈!"#$%$ = 𝐾!"(𝑟!" − 𝑟!)!!" + 𝐾!"#(𝜃!"! − 𝜃!)! + 𝐾!𝑐𝑜𝑠 𝑛𝜑!"#$ ,!!!!!"#$!"#               (3.1)  
 
𝑈!"!#"!$%$ = {𝐴!"exp  (−𝐵!"𝑟!")− !!"!!"! + !!!!!!!!!!"!"  , 
or 
𝑈!"!#"!$%! = {𝐴!"!𝑟!"!" − 𝐶!"𝑟!"! + 𝑞!𝑞!4𝜋𝜖!𝑟!"!"   },                                                                                  (3.2) 
where rij is the distance between atom i and atom j; θijk is the angle formed by atoms i, j 
and k; φijkl is the dihedral angle; qi and qj are partial charges of the atoms i and j. All the 
parameters are summarized in Table B1 in the Appendix B. 
2.4 Simulation procedures 
The molecular dynamics simulation software LAMMPS[72] was used for all the 
simulations. All simulation cases were first initialized at the temperature of 500K and 
constant pressure of 1 atm using small time step of 0.1 fs. Then the temperature was 
dropped to 300K during 100 ps of NPT (constant number of atoms, pressure and 
temperature) simulation. At the temperature of 300K, 100 ps of NPT simulation followed 
by 3 ns NVT (constant number of atoms, volume and temperature) simulation were 
carried out to equilibrate the systems. The system was determined to have reached a 
relative equilibrium when the total energy did not change too much for approximately 
1ns. Then, 2 ns of NVT simulation was performed with a time step of 2 fs. System 
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information was collected during the last 2 ns at intervals of 10 ps resulting in 201 
different system configurations for each simulation case.  
3. Results and discussion 
The simulation results of all the cases, PEL (without nanofiller), PNC1(2.4) (filled 
with a spherical nanofiller with diameter of 2.4 nm), PNC2(1.2) (filled with a spherical 
nanofiller with diameter of 1.2 nm), PNC3(rod) (filled with a rod-like nanofiller), PNC1-
SR (filled with a spherical nanofiller with diameter of 2.4 nm and repulsive surface) and 
PNC2-SR (filled with a spherical nanofiller with diameter of 1.2 nm and repulsive 
surface), are compared in two major aspects, namely, the dissociation and the mobility of 
lithium salt ions (LiClO4), since they both directly affect the ionic conductivity as 
discussed in the last chapter. 
3.1 Dissociation of the LiClO4 
The MD results indicate that not all the salt molecules in the polymer electrolyte 
could be dissociated to generate free Li ions. A portion of the ions forms clusters of 
various sizes. Figure 3.2 shows the radial distribution functions g(r) and coordination 
numbers (CN) of Li-Cl for all the cases. We can see from Figure 3.2 that there is a sharp 
peak at the same location of g(r) for each case. This indicates that the first Cl 
coordination shells of most lithium ions are located about 3.5Å away from the lithium 
ions and this radius does not change upon adding nanofillers. On the other hand, from the 
plateaus of CN curves, we notice that the number of Cl atoms in the first Cl-shell is 
between 1.1 and 1.4 of all the cases. This suggests formation of ion clusters in all cases 
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where lithium ions appear to coordinate with more than one anion. Furthermore, the CN 
numbers of Li-Cl in the filled cases are slightly smaller than that of the unfilled case. This 
may be attributed to the disturbance of the spatial structure of polymer-salt system due to 
the presence of nanofiller and the reduction in ion cluster formation. 
 
Figure 3.2. Radial distribution functions and coordination numbers of lithium ions with 
chlorine atoms in all the cases. 
The lithium ions that are not associated with the nearby anions are considered “free” 
and “mobile” in our MD simulations. We chose 4.0Å based on the g(r) in Figure 3.2 as 
the separation distance beyond which the pair of lithium cation and perchlorate anion is 
considered dissociated. In other words, if there are no anions around a lithium ion within 
the 4.0Å distance then such a lithium ion is considered a “free ion”. In addition, we 
observed in our MD simulations that a few lithium ions can be “trapped” in the vicinity 
of the nanofiller surface depicted in Figure 3.3a. Those lithium ions are usually 
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coordinated with some oxygen atoms on the nanofiller’s surface and are therefore, not 
considered “free”. Our simulation results show that this type of trapping can be 
eliminated by the applied repulsive surface as shown in Figure 3.3b.  
 
Figure 3.3. Comparison of lithium ions near nanofillers with normal surface (a) and 
repulsive surface (b). The dotted line and the number (4.17 Å) indicate the 
smallest distance between lithium ions and oxygen atoms in the nanofillers. 
 
Figure 3.4. Numbers of free lithium ions varying with time in all the cases. 
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The plots of free Li ion number versus the simulation time for all the cases are shown 
in Figure 3.4. We can see that the nanofillers appear to increase the number of free ions 
with respect to the curve representing the pure polymer electrolyte (PEL) at the bottom. 
This confirms our above result regarding the ion cluster from the g(r) and CN plots that 
the nanofillers could prevent ions to form ion clusters. Consequently, more lithium ions 
are released as free ions. 
3.2 Mobility of the Li ions 
Another important aspect of the lithium ion transport is the mobility of lithium ions. 
Mobility is proportional to the diffusion coefficient D. In MD simulations, the latter can 
be calculated by the Einstein relation: 
𝐷 = lim!→!< 𝑀𝑆𝐷 >6𝑡 ,                                                (3.3) 
where MSD is the mean-square-displacement of the interested atoms and it is averaged 
over the ensemble. The MSDs of lithium ions in all the cases are compared in Figure 3.5. 
It can be seen that PNC1-SR and PNC2-SR cases have higher lithium-MSD values than 
those of other cases. As we speculated, the repulsive surface could increase the mobility 
of lithium ions. On the other hand, among those nanofillers with normal or untreated 
surfaces, the one with the smaller size (PNC2(1.2)) shows a larger increase in lithium-
MSD compared to the unfilled case. The larger nanofillers with untreated surfaces 
(PNC1(2.4), PNC3(rod)) exhibit limited impact on the MSD of lithium ions. Given the 
condition of equal volume, the difference in filler shapes (sphere to rod) does not result in 
a noticeable difference in the MSD of lithium ions.  Overall, we can conclude that the 
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nanofillers with smaller sizes (lower volume fraction) and repulsive surfaces can increase 
the mobility of lithium ions. 
 
Figure 3.5. Mean-square-displacements of lithium ions. 
In polymer electrolytes, the motion of lithium ions appears to be coupled with the 
dynamics of ether oxygen (EO) atoms in PEO chains. The MSDs of EO atoms are plotted 
in Figure 3.6. Compared to Figure 3.5 we can first see that the EO atoms are moving 
faster than the lithium ions in all the cases indicated by the larger MSD values. The 
similar relative positions of MSD curves in Figure 3.5 and Figure 3.6 confirm the coupled 
dynamics of lithium ions and EO atoms. Based on the MSD results, we calculated the 
diffusion coefficients of lithium ions and EO atoms and summarized them in Table 3.1. 
Compared to the results from experiments where the diffusion coefficients reached 10-
7cm2/s, our values of diffusion coefficients are smaller. This is most likely due to the 
much longer PEO chains (25 repeat units vs. repeat 200 units per chain in our study) and 
lower temperature (373 K vs. 300 K in our study). On the other hand, from the 
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experiment data of ionic conductivity in Ref. 8, we calculated the Li diffusion coefficient 
in the system PEO8-LiClO4 at 300 K was in the level of 10-10cm2/s which is smaller than 
our simulation results due to the very long chain of common PEO used in experiments. 
From Table 3.1 we can see the diffusion coefficients of EO atoms are increased in all the 
nanofiller-filled cases. However such increase of the dynamics is not large enough to 
account for the significant enhancement (up to 3 orders in magnitude at room 
temperature) of ion conductivity caused by the addition of nanofillers observed in the 
experiments [58, 149]. The main reason for nanofiller-induced enhancement of ion 
conductivity may be attributed to the disturbance of polymer recrystallization and the 
enhanced amorphous regions [156].  Polyetheylene oxide (PEO) exhibits semi-
crystallinity at room temperature and fast ion transport is believed to occur in the 
amorphous regions. The added nanofillers could suppress the recrystallization process of 
the neighboring PEO chains and thus increase the polymer amorphous regions. 
 
Figure 3.6. Mean-square-displacements of EO atoms. 
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Table 3.1. Diffusion coefficients D of the lithium ions and EO atoms. 
 
               D (cm2/s) 
Case Li EO 
PEL 5.77e-09 3.01e-09 
PNC1(2.4) 4.20e-09 3.01e-09 
PNC2(1.2) 8.45e-09 1.05e-08 
PNC3(rod) 4.20e-09 5.05e-09 
PNC1-SR 8.52e-09 1.09e-08 
PNC2-SR 1.01e-08 1.02e-08 
3.3 Ion hopping 
We also investigated the lithium ion transport by means of Li-EO coordination. In 
PEO-based polymer electrolytes the negative charged EO atoms attract the positive 
lithium ions. Some of these lithium ions are attached to and move along with the polymer 
chains as illustrated in Fig. 7a. We specifically traced a free ion in the PNC1(2.4) case for 
observation. Fig. 7b shows 2 snapshots of a lithium ion and a PEO segment consisting of 
6 monomers at different times during the simulation. We clearly observe that the 
coordinated lithium ion can hop from its original site to a nearby site through the motion 
of the PEO chain. This is the so-called “ion hopping” mechanism. This process consists 
of two different stages. Because of the attraction between the lithium ions and EO atoms, 
a lithium ion might get trapped in a “cage” formed by EO atoms. After spending a small 
finite time in the cage, the lithium could jump to another cage formed by other EO atoms. 
The lithium ions hopping time appear to be generally much shorter than the time in the 
cages, also previously observed [171]. Relying on this successive trapping and jumping 
sequence, the dynamics of lithium ions and EO atoms are coupled as indicated by the 
	   67	  
MSD plots. The positive lithium ion seems to associate with the polymer segment that 
has the highest local negative polarity and it moves along as the polymer segment 
propagates through the entire chain. 
 
Figure 3.7. (a) Snapshot of a PEO chain with attached lithium ions (green spheres), (b) a 
lithium ion (green) “hopping” along the PEO chain where the numbers 1 and 
6 indicate the first and last EO atoms in the segment, respectively. 
4. Conclusions 
MD simulations of TiO2 nanofiller embedded in PEO/LiClO4 electrolyte were 
performed using an assembled force field, 200 repeat units of each PEO chain and EO:Li 
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ratio of 10:1. Comparing the results of the structural and dynamic properties, we found 
that the addition of nanofillers can affect the salt dissociation, lithium-ion mobility, and 
the dynamics of PEO chains. Among the nanofillers, the repulsive nanofillers with 
different sizes showed good performance in both the suppression of ion-cluster formation 
and the enhancement of lithium ion mobility. This indicates that the surface property of 
nanofillers plays a crucial role in ionic conductivity of polymer nanocomposite 
electrolytes. Also, the smaller size (lower volume fraction) nanofiller is found to better 
increase the mobility of lithium ions. We could not observe significant effects induced by 
the shape of the nanofillers. 
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Chapter IV The Effect of Nanofillers on the Ion Conductivity 
of Solid Polymer Electrolytes for Flexible Lithium Ion 
Batteries 
1. Overview 
1.1 PEO-based solid polymer electrolytes for flexible lithium ion batteries 
Flexible lithium ion batteries have gained attention recently because of the 
development of thinner, shape-flexible, and even wearable electronic devices. Those 
electronics devices are designed to satisfy the consumer’s increasing demands of less 
weight, high portability, and tolerance of shape deformations. Flexible electronics require 
flexible power sources for effective integration.  
Currently, lithium ion batteries are dominating the consumer electronics market. 
However, to power those flexible electronic devices new requirements for the design of 
lithium ion batteries are proposed. In general, they are required to work functionally 
when undergoing bending, twisting, folding and other mechanical deformations. In order 
to reach this goal, all the components including electrodes, electrolyte, and the 
encapsulation materials are expected to possess robust flexibility. Among them the 
electrolyte would be the bottleneck. In commercial lithium ion batteries liquid 
electrolytes are widely used. They generally consist of organic solvents and lithium salts. 
During the solvation lithium ions are separated with the anions and the dissociated ions 
are moving in a liquid environment so that the ionic conductivity is high and the batteries 
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could have good performance. However, liquid electrolytes are usually flammable and 
might lead to fire and explosion in any abuse. Therefore, a rigid case is required to 
prevent any leakage in the design of the battery because of the fluidity of the liquid 
electrolytes so that the flexibility of the battery is very limited. 
On the contrary, solid electrolytes could eliminate the leakage and safety issue due to 
their high stability. Min Koo and coworkers have developed a bendable inorganic lithium 
ion battery using a solid ceramic electrolyte [78]. In their design LiCoO2, lithium 
phosphorus oxynitride electrolyte (LiPON), and lithium metal are used as the cathode, 
electrolyte and anode, respectively. All the layers including the above materials, the 
current collector, and the protective encapsulation were deposited in order on the 
substrate. After the construction the battery could be transferred to a polymer sheet by 
peeling off the substrate. Finally, another polymer sheet was used to seal the whole 
device. Because of the high voltage electrode pair (LiCoO2-lithium metal) the obtained 
all solid-state flexible lithium ion battery was capable of a maximum 4.2 V charging 
voltage and 106 µAh/cm2 capacity. In bend conditions with various bending radii, 
however, the capacity would gradually decrease. The authors argued that this reduction 
on capacity might be a result of the increased internal stress induced by the bending. 
Another disadvantage of the above battery is the use of lithium metal. Compared to the 
carbon-based anode the lithium metal is better compatible with solid electrolytes in terms 
of interfacial resistance. On the other hand, its high activity would result in safety issue. 
This is more important with the polymer encapsulation because such encapsulation might 
be easily broken by mechanical impact during the use of the battery. Thus, the exposed 
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lithium metal would react with the oxygen, moisture in the outside environment and 
cause the failure of the battery. 
In order to develop safer lithium ion batteries with high flexibility, solid polymer 
electrolytes seem to be good candidates since they exhibit higher chemical and thermal 
stability. Also they have moderate Young’s modulus, much lower than the ceramics but 
high enough for mechanical support. This is advantageous for reducing the internal stress 
while the battery is under mechanical strains. On the other hand, they could comply with 
a certain level of mechanical strain caused by the deformation of the flexible battery. 
They can maintain their integrated state and will not result in short circuit because of 
cracking. In addition, they can easily be produced as thin films with any customized 
shapes for compatibility with different electrodes. However, the low ionic conductivity 
and high electrode-electrolyte interface resistance, present challenges for their practical 
applications. 
From discussions in previous chapters, we know that the addition of nanofillers could 
enhance the ionic conductivity of solid polymer electrolytes. We have discussed the 
mechanisms of the ionic conductivity enhancement induced by the nanofillers. 
Accomplished research in polymer nanocomposite electrolyte in our groups also 
confirmed that conclusion. Mengying Yuan, a PhD student in our group, has studied the 
influence of a two dimensional nanofiller—graphene-oxide sheets— on the PEO-LiClO4 
solid polymer electrolytes [204]. Graphene oxide (GO) has a similar structure with the 
graphene. They both have excellent mechanical properties. However, graphene has a very 
high electrical conductivity so that it is not suitable as filler in the electrolyte for lithium 
	   72	  
ion batteries. Graphene oxide, on the other hand, is electrically insulating so the addition 
of GO will not cause any possible short circuit in the battery. In addition, graphene oxide 
has ultra-large specific surface area which makes it a promising filler to enhance the 
performance of solid polymer electrolytes [205-207]. Experimental results have shown 
that the addition grapheme oxide could enhance both the ionic conductivity and the 
mechanical strength.  
 
Figure 4.1. Ionic conductivity and mechanical strength enhancement of different 
grapheme-oxide content in PEO-based solid polymer electrolyte [204]. 
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Figure 4.1 shows the result of the ionic conductivity and tensile tests. For the solid 
polymer electrolytes with different GO contents, the one containing 1 wt% GO has the 
maximum ionic conductivity (~10−5 S cm−1) which is about two orders of magnitude 
enhancement compared to that of unfilled solid polymer electrolyte fabricated in our lab (
~10−7 S cm−1). In addition, the tensile strength of the nanocomposite polymer electrolytes 
was found to increase compared to that of the unfilled one. The electrolyte with 1 wt% 
GO has an ultimate tensile strength of 1.27 MPa which is more than 260% improvement 
in the tensile strength of the unfilled electrolyte (0.35 MPa). 
 
Figure 4.2. A photograph of the laminated flexible lithium ion battery and discharge 
capacities of two batteries made with different solid polymer electrolytes in 
flat and bending conditions (Courtesy of Mejdi Kamoun). 
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Many designs of flexible batteries came out in past decades. Various electrolytes 
including ceramic solid electrolyte, paper-based electrolyte, and gel polymer electrolytes 
have been involved in those designs. Since the above PEO-LiClO4-GO nanocomposite 
polymer electrolyte has shown promising properties, its application in flexible lithium ion 
batteries is also of interest. This has also been investigated in our group by another PhD 
student, Mejdi Kammoun [207]. In his study, an economical and scalable thermal 
laminating process has been used to fabricate thin, flexible lithium ion batteries. In the 
method, all the layers of the battery are stacking in appropriate order and encapsulated by 
two thermal adhesive plastic sheets through the laminating machine. Batteries with 
pristine and graphene oxide filled solid polymer electrolytes were fabricated and their 
performance have been discussed. Figure 4.2 shows the discharge capacities of flexible 
batteries made with filled and unfilled solid polymer electrolytes. It can be seen that all 
the batteries have relatively stable capacity retention up to 100 cycles no matter they are 
bent or not. We can also observe some differences. First, the battery made with the GO-
filled solid polymer electrolyte has higher capacity than the one made with unfilled 
electrolyte in both flat and bent conditions. This is corresponding to the ionic 
conductivity results of those two electrolytes. The GO-filled electrolyte has higher ionic 
conductivity so that he internal resistance of the battery is lower which is important for 
the battery to approach the maximum capacity. On the contrary, the internal resistance of 
the battery made with the pristine solid polymer electrolyte would be higher. Larger 
internal resistance made the battery reach the cutoff voltage faster so the battery would 
exhibit lower capacity. Second, for the same battery the capacity measured in bent 
condition is higher than the capacity measured when the battery is flat. This is opposite 
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with the results from the all-solid-state flexible lithium ion battery made with ceramic 
solid electrolyte. The reason was revealed by the finite element analysis. For the 
multilayers structure the contact pressure between the layers will increase as the bending 
radius decreases. The high contact pressure would reduce the interfacial resistance 
between the solid polymer electrolyte and the solid electrodes. Therefor, the internal 
resistance of the battery could be reduced and the battery shows higher capacity.   
1.2 PVDF-based solid polymer electrolytes  
From the above discussion, we know that the PEO-based solid polymer electrolytes 
have shown promising performance for application in flexible lithium ion batteries. Also 
the influence of graphene oxide has been reflected by the capacity difference of the two 
flexible batteries made with unfilled and filled solid polymer electrolytes. The battery 
made with GO filled electrolyte has higher capacity compared with the one made with 
unfilled electrolyte. It is interesting to explore other potential solid polymer electrolytes. 
In addition to PEO, Poly(vinylidene fluoride) (PVDF) is another commonly used polymer 
in the field of lithium ion battery. In this chapter, we chose the PVDF as the alternative 
polymer matrix to make solid polymer electrolytes. The properties of such solid polymer 
electrolyte and the performance of the lithium ion battery made with that electrolyte will 
be discussed.  
Poly(vinylidene fluoride) has been known since the 1960s and it is a widely used 
polymer for many applications [208]. In the field of lithium-ion battery, PVDF is usually 
used as the binder to fabricate electrode slurry. Also, it has been found to be a promising 
polymer host for gel electrolytes. However, due to its high crystallinity it is usually 
	   76	  
copolymerized with hexafluoropropylene (HFP) to enlarge the amorphous regions [69]. 
The resulting copolymer, PVDF-HFP, has been intensively studied as the most popular 
polymer host in the preparation of gel polymer electrolytes [67, 68, 209, 210]. In those 
electrolytes, the ion transport relies on the liquid phase and the PVDF-HFP simply 
provides the mechanical support. On the other hand, the PVDF-based material also has 
potential application in solid polymer electrolyte due to some appealing properties. It has 
strongly electron-withdrawing functional group –(C-F)– which makes it highly anodic 
stable. Also, its comparatively high dielectric constant (ε=8.4 with ε=5 of PEO) can 
facilitate the lithium salt dissociation, and thus release more free ions [63]. In addition, 
like in the case of PEO-based solid polymer electrolytes, incorporating nano-sized fillers 
with PVDF-based solid polymer electrolytes are found to enhance the ionic 
conductivity[211, 212]. Based on the above properties we expect that the PVDF-based 
solid polymer electrolytes would have compatible performance with the PEO-based solid 
polymer electrolytes and could be applied to lithium ion batteries. 
However, the ionic conductivity results of the PVDF-based solid polymer electrolytes 
in some references are “unusually” high. The ionic conductivity of the 
PVDF/LiCoO2/TiO2 membrane at room temperature has been reported to be at the level 
of 10-4 S/cm even it contains no TiO2 and the maximum ionic conductivity is obtained 
when it contains 10 wt % TiO2 [211]. This is about one order of magnitude higher than 
the ionic conductivity of PEO-based solid electrolytes. The validation of the ionic 
conductivity results will also be discussed. 
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2. Experiments 
2.1 Preparation of the solid polymer electrolyte 
The preparation of the PVDF-based solid polymer electrolytes is following the 
general solution-casting method. First, PVDF-HFP (Mw=400,000, purchased from Sigma 
Aldrich) and LiClO4 (Sigma Aldrich) are added into the N,N-Dimethylformamide (DMF, 
Sigma Aldrich). The weight of the LiClO4 is calculated based on the weight of the 
PVDF-HFP according to the different concentration. The mixture is stirred on a hot plate 
at temperature of 50 °C for 24 hours to ensure the complete dissolving of the materials. 
Then, the homogenous solution is poured into a glass petri-dish and placed in a vacuum 
oven at a temperature of 50 °C to allow the evaporation of the DMF. Finally, the thin film 
solid polymer electrolytes are obtained. The electrolytes are peeled off from the petri-dish 
for future testing. In order to investigate the influence of the residual solvent on the ionic 
conductivity, we measured the ionic conductivity of the same electrolyte sample after 
different drying durations. Basically, we first set different drying durations (1 to 5 days). 
Then, we take the sample out of the oven for testing after the first drying duration (1 day) 
is reached and then we put it back in the oven. When the second drying duration is up, we 
repeat the above process. Therfore, we can obtain the change of the properties of the 
prepared electrolytes as drying duration increases to examine if there is a significant 
influence of the residual solvent. 
The preparation of filled solid polymer electrolyte is the same with the above 
procedures except for the addition of the nanofiller. TiO2 nanorod (Sigma Aldrich) has 
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been used as the nanofiller.  In order to obtain good dispersion of the nanofiller, it should 
be added into the DMF first and 1 hour of sonication is necessary to facilitate the 
dispersion. 
2.2 Ionic conductivity measurement 
The ionic conductivity of the prepared electrolyte was measured by the 
electrochemical impedance spectroscopy (EIS) using Autolab, Metrohm. First, the 
electrolyte was punched to small circular-shape samples. Then, the sample was 
sandwiched by two stainless circle block electrodes which have the same radii as that of 
the electrolyte sample. The whole setup was placed in a holder with a clamp on it to 
ensure intimate contact between the electrolyte sample and the block electrodes. An 
alternating current signal with frequencies from 500 kHz to 10 Hz was applied to the 
system during the testing. In addition, the geometry information (thickness and the 
surface area) of the electrolyte sample was measured to calculate the ionic conductivity. 
2.3 Battery assembly and testing 
The standard CR2032 coin cell battery was assembled to test the performance of the 
PVDF-bases solid polymer electrolytes. All the components of the coin cell (case, 
separator, spring, and the electrodes) were purchased from MTI Corporation. The cathode 
is LiCoO2 coated onto aluminum foil and the anode is graphite coated onto copper foil. 
This electrode pair is the most common one used for lithium ion batteries. To assemble 
the battery the electrodes and the electrolyte film are first punched into small disks. The 
cathode and anode should have the same size, and the size of the electrolyte should be 
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slightly larger than that of the electrodes to prevent physical contact. Two drops of liquid 
electrolyte (1 M LiPF6 in EC+DMC+DEC from MTI Corporation) is deposited on the 
surface of each electrode to reduce the surface resistance. Because of the porous 
structure, the electrodes will absorb the added liquid electrolyte. After that, the cathode 
disk is placed inside the positive case of the battery with the aluminum side down. Other 
components are stacked on top of the cathode in the order of electrolyte, anode, spacers, 
spring and the negative case. The graphite side of the anode should be toward the 
electrolyte and all the above different parts should be concentric. Finally, the battery is 
sealed using the clamping machine.  
To test the cycle performance the battery is placed in a holder and connected to the 
Arbin battery test equipment. The constant current procedure is used to charge and 
discharge the battery. The current is controlled to be 0.1mA and the voltage range is from 
2.5 V to 4.7 V. Based on the time of charge and discharge the capacities can be obtained. 
3. Results and discussion 
Figure 4.3 shows the ionic conductivity of PVDF-based solid polymer electrolytes 
with various contents of lithium salt. For each electrolyte, its ionic conductivity was 
measured after different drying durations. It can be seen that for all the solid polymer 
electrolytes the ionic conductivity decreases with the increase of the drying duration. For 
the electrolyte containing 10% lithium salt, the ionic conductivity reduced nearly one 
order of magnitude after drying in the oven for three days. This reduction of ionic 
conductivity may indicate that there was a small amount of solvent left in the polymer 
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matrix. With increased drying duration, the amount of residual solvent would decrease 
leading to lower ionic conductivity. We can also observe that for all the electrolytes the 
ionic conductivity drops fast in the first three days and then it remains at a relatively 
stable level. This implies that the three days of drying is a minimum suggested drying 
time for the PVDF-based solid polymer electrolytes. 
 
Figure 4.3. Ionic conductivity decreases with the drying time increases. 
A possible way to examine the residual solvent in the solid polymer electrolyte is to 
monitor their weight loss for different drying durations since the PVDF-HFP and the 
lithium salt are not volatile. The results for the electrolytes with 10% to 40% lithium salt 
are shown in Figure 4.4. For the solid polymer electrolyte with 40% salt its weight after 
five days drying is only 80% of its weight after one day drying. This weight loss is 
smaller for the electrolyte with only 10% lithium salt. Actually, from Figure 4.4 we can 
observe the trend that the weight loss is more significant for electrolytes containing high 
weight percentage of lithium salt. This might be attributed to the nature of the lithium salt 
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that has a tendency to absorb the solvent. Thus, more residual solvent would be found in 
the electrolyte. This conclusion can also explain the unusually high ionic conductivity 
observed in Figure 4.3. The ionic conductivity is around 1.0×10-3 S/cm for high lithium 
salt content electrolytes. This is a relatively high value for solid polymer electrolytes. 
From the weight loss experiment, we would consider increased ion conductivity as a 
result of residual solvent rather than the high ion concentration. 
 
Figure 4.4. Weight loss of solid polymer electrolytes with the drying time increases. 
As mentioned before, the additional nanofiller could enhance the ionic conductivity 
of solid polymer electrolytes by increasing the amorphous phase and increasing the 
number of free ions. This effect has been confirmed in the PEO-based solid polymer 
electrolyte with graphene oxide nanosheet as the filler in our lab. Figure 4.5 shows the 
ionic conductivity comparison of TiO2 nanorod filled dry PVDF-based solid polymer 
electrolyte and its unfilled counterpart. It can be seen that the ionic conductivity has been 
enhanced nearly 1 order of magnitude because of the nanofiller. This is similar to the 
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result of PEO-based solid polymer electrolytes. This similarity implies that the ion 
transport in these two polymer hosts has the same mechanism. Thus, the added nanofiller 
could enhance the ionic conductivity in the same manner as discussed in Chapter II. 
However, the effect of residual solvent is also observed in the nanocomposite electrolyte. 
After four days of drying there was a big drop of the ionic conductivity. 
 
Figure 4.5. Comparison of ionic conductivity of PVDF-based solid polymer electrolyte 
with and without nanofiller. 
The influence of the residual solvent can also be observed in the Nyquist plot of the 
electrolytes. The Nyquist plot is obtained from the electrochemical impedance 
spectroscopy. Since the impedance is usually represented as a complex number it has a 
real part and imaginative part. In the Nyquist plot, the real part of the impedance is the x-
axis and the negative of its imagination part is the y-axis. In such plot, each data point 
represents the impedance of the measured system at certain frequency. Those data points 
could be fitted by an equivalent circuit [213] consisting of resistors, capacitor and other 
	   83	  
elements, and then the information about the system can be obtained. Our ionic 
conductivity measurement is based on the Nyquist plot. From the equivalent circuit we 
can obtain the resistance of the electrolyte (RE) and then the ionic conductivity can be 
calculated by the following equation 
𝜎 = !!!!,                 (4.1) 
where t is the thickness of the electrolyte and A is its surface area. 
 
Figure 4.6. Nyquist plots of PVDF-based polymer nanocomposite electrolyte after 
different drying duration. 
Figure 4.6 shows two Nyquist plots for the PVDF-based polymer nanocomposite 
electrolyte after different drying times. For shorter drying duration (1 day) the Nyquist 
plot is a straight line through the whole testing frequency range which is typical for gel 
polymer electrolytes. This might be another evidence that there was some solvent left in 
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the electrolyte. However, after four days drying the Nyquist plot of the same sample 
became a depressed semicircle followed by an inclined line. This shape is commonly 
observed in the PEO-based solid polymer electrolyte. The change of the Nyquist plot 
represents the transformation of the PVDF-based polymer nanocomposite electrolyte 
from gel-like ionic conductor to solid-like ionic conductor. 
The charge/discharge capacities for 50 cycles of a coin cell battery based on the 
PVDF-based solid electrolyte are shown in Figure 4.7. The capacity of a battery is the 
amount of the charge that can be stored/delivered by the battery. In the case of constant 
current charge/discharge, it could be calculated by the following simple equation 
𝑄 = 𝐼𝑡 ,  (4.1) 
where Q is the capacity and I is the magnitude of the constant current and t is the time 
duration for the charge and discharge processes.  
 
Figure 4.7. Charge/discharge capacities of the coin cell battery made with PVDF (90%)-
based solid polymer electrolyte. 
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It is clear that there are some irreversible reactions present during the first several 
charge/discharge cycles. Especially in the first cycle, the discharge capacity is less than 
half of the charge cycle. This significant capacity loss could be attributed to the SEI 
formation since liquid electrolyte was added in order to reduce the interfacial resistance. 
This has also been observed in the batteries made with PEO-based solid polymer 
electrolyte. However, for the battery made with PEO-based solid polymer electrolyte the 
large capacity loss was only observed in the first cycle and after that the capacity changed 
slowly (Figure 4.2). The capacity finally became relatively stable although other aging 
effects (like the degradation of the electrodes) would still cause the decrease for long 
runs. Thus, the battery is able to deliver a stable power. In the battery made with PVDF-
based solid polymer electrolyte after the huge drop in the first cycle, the capacity kept 
dropping fast until it went down to almost zero. The power delivered by the battery is 
very unstable and the battery can only work for very few cycles (~10). This difference 
indicates that some other reaction rather than the SEI formation might have taken place 
during the charge and discharge cycle. The residual solvent might be the source of those 
reactions. 
4. Conclusions 
In this chapter, we have introduced the flexible lithium ion batteries made with PEO-
based solid polymer electrolytes. The result shows that those batteries can deliver a stable 
power when undergoing mechanical deformation. For that solid polymer electrolyte, the 
addition of the two dimensional nanofiller—graphene oxide—could increase the ionic 
	   86	  
conductivity up to 2 orders of magnitude. The flexible battery made with such filled 
electrolyte also has shown enhancement discharge capacity. 
 On the contrary, the lithium ion battery made with PVDF-based solid polymer 
electrolyte has shown different results. In the first several cycles, especially the first 
cycle, the battery could deliver relatively high capacity. However, it was accompanied 
with significant decay of capacity. This is because of the side reactions inside the battery. 
For the PVDF-based solid polymer electrolyte made with DMF solvent we have observed 
the increased weight loss and decreased ionic conductivity during the five days drying. 
The change on weight and the ionic conductivity indicated that there might be residual 
solvent inside the electrolyte and the amount of the left solvent was found to increase 
with the salt concentration in the electrolytes. 
In addition, low ionic conductivity is still a great obstacle for the application of solid 
polymer electrolytes. The unusual high ionic conductivity (~1.0×10-3 S/cm) of PVDF-
based solid polymer electrolyte is attributed to the trapped solvent. In order to obtain 
higher performance of the battery, gel electrolyte will be discussed further in the next 
chapters. 
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Chapter V Gel Polymer Electrolytes for Flexible Lithium Ion 
Batteries 
1. Overview 
In the previous chapter, we discussed the solid polymer electrolytes and their 
applications in flexible lithium ion batteries. The flexible lithium ion batteries made with 
PEO-based solid polymer electrolytes could deliver a stable capacity in both flat and bent 
conditions. This capacity could be further enhanced with adding nanofiller (graphene 
oxide) in the electrolyte due to the induced ionic conductivity enhancement.  On the 
contrary, the battery made with PVDF-based solid polymer electrolyte showed significant 
capacity degradation and the capacity dropped to almost zero after 10 charge and 
discharge cycles. In this chapter, we will investigate the application of PVDF-based gel 
polymer electrolytes.    
1.1 Gel polymer electrolytes 
Gel polymer electrolytes are characterized by higher room temperature ionic 
conductivity compared to solid electrolytes and better mechanical properties compared to 
liquid electrolytes. Therefore, they are expected to have optimized performance. Gel 
electrolytes are usually obtained by incorporating polymer with a large amount of liquid 
electrolyte. [63, 214] In those mixtures, the polymer acts as the skeleton to offer 
mechanical support and stores the liquid electrolyte. It has almost no contribution to the 
ionic conductivity. The ion transport is mainly governed by the liquid phase electrolyte. 
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Owing to this bi-phase feature, the ionic conductivity of gel electrolyte is competitive 
with liquid electrolyte and it is largely decided by the amount of liquid electrolyte stored 
in the polymer matrix. During the past several decades, various polymers including 
poly(ethylene oxide) (PEO) [100, 215], polyacrylonitrile (PAN) [198, 216], Poly(methyl 
methacrylate) (PMMA) [217, 218], and Poly(vinylidene fluoride-co-hexafluoropropene) 
(PVDF-HFP) [209, 219] have been intensively studied as the polymer matrix for gel 
electrolytes. Among them PVDF-HFP-based gel polymer electrolytes exhibit excellent 
mechanical properties as well as high ionic conductivity (>10-3 S/cm) thus became the 
majority in this field. 
There are two different methods to produce the PVDF-based gel polymer electrolytes. 
The first one is the general solution-casting method. In this method, all the components 
including PVDF-HFP, organic liquids (e.g., EC, PC) or other types of liquids, and lithium 
salt are added to some common solvent like acetone. During long time stirring all the 
materials are dissolved in the solvent and completely mixed. Then the solution is ready 
for drying. The solution could be casted on some flat, smooth substrate like glass petri 
dish. Because of the high volatility of the solvent, it will evaporate fast and a freestanding 
film with distributed liquid phase in it could be obtained. This method is very simple and 
the produced gel polymer electrolytes are stable. The liquid phase is well trapped in the 
polymer matrix and almost no obvious liquid could be found on the surface. On the 
contrary, this method would be more affected by the fabrication environment since the 
lithium salt, which will absorb moisture, is added to the solution at the beginning. Also, 
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the “dry” surface would result in relatively high electrode-electrolyte interfacial 
impedance.  
In another method the PVDF-HFP itself is first dissolved in the solvent with some 
non-solvent liquid (e.g., butanol) to allow the phase separation. In the drying process the 
solvent will evaporate first and then the non-solvent will be removed using future drying 
or other method like water bath. The obtained PVDF-HFP film has a porous structure 
which is similar to the commercial separator. Then, that film should go through the so-
called activation process where it will be soaked in a liquid electrolyte. Thus, the liquid 
electrolyte will flow into the pores and the film becomes ionic conductive. The advantage 
of this method is that all the steps except the activation could be done in a general 
environment and it is suitable for large-scale manufacturing. However, in this method the 
amount of liquid electrolyte is difficult to control. Too little liquid electrolyte cannot 
produce high ionic conductivity and too much liquid electrolyte will loss the benefits of 
gel polymer electrolytes. 
1.2 Influence of nanofillers 
The influence of nanofillers on the ionic conductivity of solid polymer electrolytes 
has been largely demonstrated in literature and also confirmed by experimental results 
from our lab. The additional nanofillers could increase the ionic conductivity for both 
PEO- and PVDF- based solid polymer electrolytes. For PVDF-based gel electrolytes the 
addition of nanofiller also has been found to have some influence on their properties 
[220]. Experimental results show that because of the different ion transport mechanism 
compared to the solid polymer electrolyte, the influence of nanofiller on the ionic 
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conductivity of the gel polymer electrolyte is not obvious. However, the nanofiller can 
increase the thermal stability of the gel polymer electrolytes. In addition, the composite 
gel polymer electrolyte is more compatible with lithium metal electrode which is 
indicated by the slower growth of the interfacial impedance in the EIS. 
1.3 Flexible lithium ion batteries using gel polymer electrolytes 
There are some designs of flexible lithium ion batteries using different gel polymer 
electrolytes. Sheng Xu et al., developed a stretchable lithium ion battery with self-similar 
interconnects and a PEO-based gel polymer electrolyte has been used in their battery 
[80]. The gel polymer electrolyte consisted of 100 g lithium perchlorate (LiClO4), 500 ml 
ethylene carbonate, 500 ml dimethylcarbonate (DMC) and 10 g polyethylene oxide 
(4,000,000 g/mol). From the formulation we can seen that the content of PEO is only at 
additive level. It would be expected that this gel polymer electrolyte would have a 
relatively higher fluidity. This is required by their specific design in which the electrolyte 
would be injected into the battery through the edge by a syringe. The battery could be 
stretched up to 300%. However, the capacity drop (<70%) after 20 cycles has been 
observed. The authors attributed that degradation to the side reactions caused by the 
residual water and the detaching of the active materials from the current collector. 
Another example is the study reported by Liangbing Hu and coworkers. They 
designed a thin, bendable battery through a simple lamination process. The electrolyte 
used in their battery is composed of a piece of paper with a thin layer of PVDF coated on 
both side. Then 1 M solution of LiPF6 in EC/DEC (1:1 in volume) was used to active the 
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electrolyte [79]. From the detailed description in the study, this battery is a pouch-like 
battery which has similar structure with that of the conventional batteries except the 
flexible encapsulation. The cycle performance of the battery has shown relatively low 
capacity loss. However, the battery was clamped during the test to ensure good contact 
between different components of the battery. It can be informed from these two examples 
that the lack of enough compressive pressure, which is one of the major differences 
between a flexible battery and a coin cell battery, would result in low capacity retention. 
In this chapter, different gel polymer electrolytes based on the PVDF-HFP polymer 
have been fabricated using the solution casting method. The dependence of ionic 
conductivity on the composition of those gel polymer electrolytes was discussed. 
Graphene oxide nanosheet, as the filler, has been added to the electrolyte to investigate 
the influence of nanofiller in this type of electrolytes. The performance of coin cell 
batteries made with both filled and unfilled gel polymer electrolytes were compared. In 
addition, results of the attempt to fabricate flexible lithium ion batteries with the PVDF-
HFP gel polymer electrolyte are discussed. 
2. Experiments 
2.1 Preparation and characterization of gel polymer electrolytes 
The gel electrolyte was prepared in our lab by the solution-casting method: 1) add 1 
gram PVDF-HFP (Mw=400,000, purchased from Sigma Aldrich) in 20 mL acetone and 
put the mixture on a hot plate for stirring at about 80 °C for 1 hour, the weights of other 
materials are calculated based on the weight of PVDF-HFP according to the formulation; 
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2) after the PVDF-HFP is dissolved add graphene oxide nanosheets (only for the filled 
electrolytes) to the solution and sonication the mixture for 30 minutes; 3) add LiClO4, 
EC and PC (VEC:VPC=1:1) to the mixture and keep it stirring at about 50 °C for 2 hours; 
4) pour the viscos solution into a glass petri-dish to allow the acetone to slowly 
evaporate. After drying for 4 hours a freestanding, thin-film electrolyte was formed. 
Due to the volatility of the EC and PC, the ionic conductivity measurement was 
performed right after the fabrication of the gel polymer electrolytes. Autolab (Metrohm) 
was used to obtain the electrochemical impedance spectroscopy (EIS) for ionic 
conductivity calculation. The frequency range was 100 kHz - 10 Hz.  
2.2 Battery assembly and the performance testing 
Coin cell batteries are assembled following the same procedure described in Chapter 
IV. Common lithium-ion battery components including cathode (LiCoO2 on aluminum 
foil), anode (graphite on copper foil), and liquid electrolyte (1M LiPF6 in EC/DMC/DEC) 
were purchased from MTI Corporation. The electrodes and the electrolyte film are 
punched to small circles and stacked in order, inside the battery case. Three drops of 
liquid electrolyte (1 M LiPF6 in EC+DMC+DEC from MTI Corporation) is painted on 
the surface of each electrode to reduce the surface resistance. Then, the battery is sealed 
using the clamping machine. Cycle performance of the coin cell battery was tested by 
Arbin battery test equipment. The charge/discharge current is 0.5mA (~0.2C) and the 
voltage range is from 2.7 V to 4.2 V. 
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The flexible batteries were made using the same materials as in the coin cell battery. 
The cathode and anode were cut into 2 cm×2.5 cm rectangles. Two small adhesive copper 
strips were attached to the metal side of each electrode, respectively. A piece of the 
unfilled gel polymer electrolyte was sandwiched between the two electrodes. Then, the 
cell was sealed between two plastic sheets with silicone to prevent any moisture into the 
battery. The two copper strips should be exposed to connect to the test equipment. The 
cycle performance test of the flexible battery was split into three stages. In order to rule 
out the environmental factors, the fabricated flexible battery was first tested inside the 
glove box for 10 charge/discharge cycles. In addition, the battery was clamped to apply 
pressure and ensure good electrical contact. Then, the clamp was released from the 
battery and the battery was kept in the glove box for 5 cycles. Finally, the battery was 
taken out of the glove box and tested for the rest of the cycles. We will refer to this 
battery as FLB1. Another battery, denoted by FLB2, was made in the same way but it 
was tested inside the glove box and without the clamp through all the cycles. The current 
density was 0.3 mA/cm2 (~0.1 C) and the voltage range was from 2.7 V to 4.2 V for all 
the charge/discharge cycles of the two batteries. 
 
Figure 5.1. A flexible lithium ion battery made with PVDF-based gel polymer electrolyte. 
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3. Results and discussion 
3.1 Dependence of ionic conductivity on the percentage of polymer 
The amount of liquid is important to ionic conductivity of the gel polymer electrolyte. 
From Figure 5.2 we can see the ionic conductivity decrease significantly with the 
increased weight percentage of PVFDF-HFP. The ionic conductivity dropped 2 orders of 
magnitude when the wt% of PVDF-HFP increased from 25% to 70%. This result 
confirms the proposed ion transport mechanism in gel polymer electrolytes. Most of the 
ion conduction is carried out by the liquid phase (EC+PC) and the PVDF-HFP polymer 
only has very small contribution. Thus, a large drop in ionic conductivity has been 
observed. 
 
Figure 5.2. Calculated ionic conductivities of different PVDF-HFP/EC+PC/LiClO4 gel 
electrolytes 
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In the formulation of gel polymer electrolytes, there are two different ways to 
measure the lithium salts. First is based on the concentration, usually 1 M lithium salt 
solution is commonly used. Another one is based on the weight percentage of the salt. It 
is often taken between 5% and 10% of the total weight of the electrolyte. We have 
explored both formulation methods and the two types of electrolytes (containing 1 M salt 
and 5% salt) all followed the same trend that the ionic conductivity decreases with the 
increase of the PVDF-HFP. However, some difference can be observed. The ionic 
conductivity drop for the 5% salt-type electrolyte is more dramatic than that of the 1 M 
slat-type electrolytes. This could be explained by the salt aggregation. In the 1 M salt-
type electrolytes when the polymer weight percentage increases the amount of both the 
salt and the liquid will decrease to keep the constant salt concentration. On the other 
hand, for the 5% salt-type electrolytes only the liquid amount will decreases while the 
polymer content is increasing. Thus, the concentration of the lithium salt will be larger 
and some aggregation of the salt may occur to impair the ionic conductivity. 
 
Figure 5.3. Nyquist plots of PVDF gel polymer electrolytes with different content of 
polymer. 
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Figure 5.3 shows the corresponding Nyquist plots of the 1 M salt-type gel polymer 
electrolytes with different polymer content. For the electrolytes containing only 25 wt% 
and 50 wt% PVDF-HFP their Nyquist plots have same shape, a straight line. On the 
contrary, the Nyquist plot for the gel polymer electrolyte with 70 wt% PVDF shows a 
typical solid polymer electrolyte appearance.  
3.2 Influence of nanofiller to the gel polymer electrolyte 
The influence of graphene oxide nanosheets on ionic conductivity of PVDF-based gel 
electrolytes is illustrated in Figure 5.4. For the electrolytes with different weight 
percentages of PVDF-HFP (25% and 50%) the added graphene oxide did not show any 
obvious influence on the ionic conductivity.  
 
Figure 5.4. Ionic conductivity of PVDF-based gel electrolytes with different content of 
graphene oxide nanosheets as the filler. 
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This differs from the results of PEO-based solid polymer electrolytes where the 
embedded graphene oxide nanosheets enhanced the ionic conductivity significantly. This 
could be explained by the different conduction mechanisms in those two types of 
electrolytes. In solid polymer electrolytes the ion conduction mainly relies on the 
mobility of polymer chains. The nanofillers could increase the amorphous regions of 
polymer host and thus enhance the mobility of polymer chains and the ionic conductivity. 
On the other hand, ion transport in gel electrolytes is carried out by the liquid phase 
which would hardly be affected by the added nanofillers.  
3.3 Battery performance 
The cycling performances of two coin cell batteries made with GO-filled and GO-free 
gel electrolytes (both contain 50% PVDF-HFP) are presented in Figure 5.5. Both of the 
batteries could reach a high discharge capacity, 130 mAh/g for the one made with GO-
filled electrolyte and 100 mAh/g for the other, at 0.2 C rate charge and discharge. They 
also show good capacity retention up to 30 cycles although a small drop could be 
observed in first few cycles. On the other hand, the Coulombic efficiency of the first 
cycle is relatively low for each battery. The Coulombic efficiency is defined by the 
following equation 
𝜂 = !!"#!!!  ,  (5.1)	  
where Qdis is the discharge capacity and the Qch is the charge capacity. This ratio 
characterizes the reversibility of the electrodes. Unity is desired for it since that means all 
the capacity stored in the charge process can be completely delivered in the discharge 
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process. However, no real electrodes can reach that ideal value. This low Coulombic 
efficiency of the first cycle is usually attributed to the irreversible SEI layer formation 
during the first charge. An amount of lithium ions as well as the organic solvent (EC, PC) 
are consumed in those reactions. Thus the reversible capacity will drop and the generated 
layer on the surface of the electrodes will increase the impedance of the battery. In 
addition, for the battery made with gel polymer electrolyte the loss of the liquid will also 
reduce its ionic conductivity. All the above reasons would result in a low Coulombic 
efficiency in the first cycle. However, after first few cycles the Coulombic efficiency is 
kept at a pretty high level (> 99%) for each battery. 
 
Figure 5.5. Discharge capacities and Coulombic efficiencies of two batteries made with 
different gel electrolytes at charge/discharge rate of 0.2C. 
The above results show that the as-prepared PVDF-HFP gel polymer electrolytes are 
good candidates for lithium ion batteries. Thus, we expect that the flexible lithium ion 
battery made with the same materials as in the coin cell batteries would have similar 
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performance. As described in the experimental section we have made two flexible lithium 
ion batteries, FLB1 and FLB2, in the same manner and they were subject to different 
conditions while cycling. 
 
Figure 5.6. Charge/discharge capacities of FLB1 decay during cycling. I, II, III indicate 
the three different stages during the test as described in the experimental 
section, respectively. 
Figure 5.6 shows the capacities of the flexible lithium ion battery (FLB1) up to 30 
charge/discharge cycles. We can first observe that the capacity decreases very fast during 
the cycling. After 30 cycles the capacity dropped to less than 10% of the capacity of the 
first cycle. In the results from the first stage of the test (region I) there are some data 
points deviated from the trend line. Those scatterings might be the result of the non-
uniformly distributed pressure applied by the clamp or some incautious vibration of the 
holder in the glove box. Despite those “noise points” the decay trend of the capacity is 
obvious and consistent throughout the three different stages. This consistency implies that 
the applied pressure by the clamp is not enough to prevent the degradation of the battery. 
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On the other hand, it also indicates that the encapsulation of the battery is sufficient to 
suppress large influence of the normal room environment on the battery.  
The capacities of the FLB2 are given in Figure 5.7. FLB2 was tested in the glove 
box without applied pressure. Compared to the results in Figure 5.6, the lower capacity of 
FLB2 confirms the positive effect of the applied pressure to flexible batteries as 
mentioned before. Although it is not as high as the pressure in the coin cell that could 
almost prevent the degradation of the battery, it still can enhance the performance of the 
battery.  
 
Figure 5.7. Charge/discharge capacities of FLB2 decay during cycling. 
The above used gel electrolyte contains large amount of the flammable organic 
liquids. In order to obtain enhanced safety, we need to reduce the content of the liquids 
(EC+PC) inside the gel electrolyte. Figure 5.8 (a) gives the ionic conductivity of gel 
polymer electrolytes with different composition, one is 75 wt% PVDF-HFP/10 wt% 
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(EC+PC)/15% LiClO4 and another is 75 wt% PVDF-HFP/15 wt% (EC+PC)/10 wt% 
LiClO4.  
 
Figure 5.8. (a) Conductivity of gel polymer electrolytes with 75 wt% PVDF-HFP and (b) 
the cycle performance of a coin cell battery made with 10 wt% EC+PC gel 
polymer electrolyte. 
Compared to Figure 5.2, the ionic conductivity decreased further for both electrolytes 
and it was higher for the one with more liquid. This confirms that the PVDF-HFP only 
contributes a little to the ionic conductivity since the high content of salt did not increase 
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the ionic conductivity even when the liquid phase is very small. Owing to the low 
conductivity, the capacity of the battery is much lower as shown in Figure 5.5. The large 
capacity loss in the first three cycles is due to the SEI formation since liquid electrolyte 
was added to reduce the interface impedance. As a consequence, the internal resistance 
significantly increased because of the lack of liquid and the generated SEI layer. 
However, the stable discharge capacity is around 0.15 mAh/cm2 which is comparable to 
the capacity of the battery made with PEO-based solid polymer electrolytes. 
4. Conclusions 
In summary, we have explored the application of the gel polymer electrolytes using 
PVDF-HFP as the polymer host for both coin and flexible lithium ion batteries. The 
fabrication of such electrolytes was based on the general solution casting method. 
Electrochemical impedance spectroscopy was obtained to calculate ionic conductivity of 
those gel polymer electrolytes with different compositions. The calculated ionic 
conductivities of gel electrolytes with different weight percentage of PVDF-HFP show 
that the ionic conductivity is largely decided by the amount of liquids. In addition, the 
salt concentration also plays an important role. Relatively high concentration of lithium 
salt will impair the ionic conductivity since the ion transport through the PVDF-HFP in 
gel electrolytes has very little contribution to the ionic conductivity. Because of this ion 
conduction mechanism, the addition of graphene oxide nanosheets to the gel electrolyte 
did not show obvious effect on the ionic conductivity. 
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Owing to the higher liquid content/ionic conductivity, coin cell lithium ion batteries 
made with 50 wt% PVDF-HFP have shown promising performance. The discharge 
capacity could reach 130 mAh/g. The batteries also have good capacity retention after 30 
cycles and the Coulombic efficiencies were higher than 99% during the cycling except 
for the first few cycles. The very low Coulombic efficiency of the first cycle is 
considered to be the result for SEI formation. 
However, the transfer of the same materials to the flexible lithium ion battery has 
encountered some difficulties. The comparison of cycle performance of two flexible 
lithium ion batteries made with the same method reveals that the key to a successful 
flexible lithium ion battery is to maintain sufficient contact pressure in the battery. 
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Chapter VI Ionic Liquid-based Solid-like Gel Electrolyte for 
Flexible Lithium Ion Battery 
1. Introduction 
1.1 Motivation 
Flexible energy storage devices offer many advantages including compatibility with 
the flexible electronics and flexible applications [76]; for example, they can be embedded 
in textiles/clothing or attached to the biological organs. Among the various energy 
storage devices, lithium-ion batteries (LIBs) are ideal candidates to transform into 
flexible devices, due to their superior attributes including higher energy density and 
efficiency.  
In designing flexible LIBs, electrolytes play a crucial role. The common liquid 
electrolytes – used in many pouch-type flexible batteries – less than ideal due to the risk 
of leakage and lack of mechanical stability. On the other hand, solid electrolytes are 
superior in terms of stability and safety but their relatively low ionic conductivity results 
in insufficient electrochemical performance and power density. In order to develop high-
performance LIBs with relatively safer electrolyte – compared to organic liquids – 
intense efforts have been directed toward the development of gel electrolytes. Gel 
polymer electrolytes are usually obtained by infusing a large amount of liquid electrolyte 
into a suitable polymer matrix [63, 130]. The role of the polymer matrix is mainly to store 
the liquid electrolyte and provide mechanical support. The ionic conductivity of a gel 
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electrolyte, governed mainly by the conductivity and the amount of the liquid phase, is 
relatively high and can be competitive with respect to that of traditional organic liquid 
electrolytes. 
Unfortunately, because of the presence of reactive, volatile, and flammable organic 
solvents (e.g., ethylene carbonate (EC) and propylene carbonate (PC)), common gel 
electrolytes share some of the same safety concerns as that associated with liquid 
electrolytes [221].  To further enhance the safety of the gel electrolytes, ionic liquids can 
be introduced in the polymer matrix to replace the organic liquid phase [222, 223]. Ionic 
liquids are essentially low-melting temperature salts that remain in liquid phase at room 
temperature. They possess several favorable properties such as high ionic conductivity, 
non-volatility, non-flammability, and thermal, chemical stability [224]. Many attempts 
have been made to replace the traditional organic carbonates with ionic liquids in the 
solvent-salt and gel electrolytes [210, 225-229]. However, as discussed in a critical 
review, batteries with these ionic liquid-based liquid or gel electrolytes usually exhibit 
poor cyclic and power performance compared to those made with conventional organic 
solvent-based electrolytes even though their ionic conductivities are similar [230].  
Although the viscosity of ionic liquids is high there is still a possibility of leakage. 
Incorporating ionic liquids in polymers could solve this problem. However, this will 
decrease the ionic conductivity of ionic liquids further. In the PVDF-ionic liquid-lithium 
salt electrolytes the ionic conductivity also decreases with the increase of concentration 
of lithium salt [219] as in the case without polymer. 
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1.2 Ionic liquids 
Ionic liquids are molten salts composed of ions only. They are just like the ionic 
solids, for example, the table salt (NaCl), but with very low melting point so that they 
could exist as liquids at room temperature or temperatures even below that. Actually, 
molten NaCl could also be called as an ionic liquid. However, in the patents and 
academic literature the term “ionic liquids” usually refers to ionic compounds that will 
melt into fluids at relatively low temperature. In a more accurate definition, “ionic liquids 
are most commonly defined as materials that are composed of cations and anions which 
melt at or below 100 °C.” This temperature is simply from the first paper describing an 
ionic liquid. It does not have any scientific significance, but it has persisted until the 
present day [231].  
 
Figure 6.1. Comparison of the structures of NaCl and the ionic liquid 
The unusual low melting temperature of the ionic liquids could be explained from 
their microscopic structure. Compared to the general salts, ionic liquids usually have 
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distributed charges on both cations and anions as shown in Figure 6.1. Thus, it is difficult 
to form very strong ionic bonds although the electrostatic force will still hold all the ions 
together. Therefore, their melting temperatures are much lower. 
The primary application of the ionic liquids is to substitute the traditional volatile 
solvents for various industrial processes [232]. The term “green solvents” [233, 234] 
indicates the major advantage of ionic liquids. Because of their negligible vapor pressure 
ionic liquids minimize the risk of atmospheric contamination and reduce associated 
health concerns. 
1.3 Ionic liquid-based electrolytes for lithium ion batteries 
Ionic liquids possess several attractive properties including high ionic conductivity, 
thermal and chemical stability, low volatility, and non-flammability so that they are 
expected to overcome difficulties spanning a wide range of applications [223]. One of the 
applications is in the field of energy devices, such as lithium ion batteries, 
supercapacitors, and fuel cells. Ionic liquids and their mixtures can be excellent 
electrolytes owing to all the advantages above and can largely improve the stability and 
safety of those devices. [230]  
For an electrolyte, its ionic conductivity is of great importance. The ionic 
conductivity is usually determined by both the concentration and the mobility of the ions. 
In ionic liquids those two aspects are dependent on the interactions between cations and 
anions. One would expect that the weak interactions could suppress the 
association/aggregation of the ions and also reduce the drag forces to ions’ movements as 
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well. Therefore, high ionic conductivity could be achieved. Some studies have 
investigated the transport properties of ionic liquids [235-238]. Generally speaking, in 
order to have a high ionic conductivity, both the cation and anion of the ionic liquid 
should be small and bear a well-delocalized charge [235]. For the popular imidazolium-
based ionic liquids the transport properties are correlated with the chemical structure. The 
type of the anion and the length of the alkyl chain are two key features. It has been found 
that increasing the size of the anion will slightly increase the diffusion coefficient of the 
cation. In the contrast, the conductivity and the diffusion coefficient of cation decrease 
with increasing alkyl chain length [236]. Alan and coworkers observed that the specific 
conductivity of ionic liquids follows Stokes law to a good approximation. Also, they 
found that adding solvents to the ionic liquids, would reduce the viscosity rapidly and 
increase the conductivity [237]. Overall, the ionic conductivity is related to the viscosity, 
molecular weight, density, and the radii of the ions [238].  
 
Figure 6.2. (a) Molecular structure and (b) a photograph of EMIMDCA ionic liquid 
purchased from Sigma Aldrich. 
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Among all the available ionic liquids, 1-Ethyl-3-methylimidazolium dicyanamide 
(EMIMDCA) is found to have relatively high ionic conductivity (27 S/cm). This could be 
attributed to the small size of the dicyanamide anion [239, 240]. Figure 6.2 shows the 
molecular structure of EMIMDCA. 
However, in the application of lithium ion batteries the ionic liquids themselves could 
not be used as the electrolytes although they have high ionic conductivity. They must be 
combined with lithium salts to make the lithium ion intercalation-deintercalation at the 
electrodes possible as in the general liquid electrolytes. In general, liquid electrolytes 
based on a lithium salt dissolved in organic solvents (like EC and PC) lithium ions and 
anions are separated by polar solvent molecules. Then, the solvated ion and its solvation 
shell would move as a whole under the applied electric field.  This model is also 
suggested in the case of using ionic liquids as the solvents [241]. Unfortunately, adding 
lithium salts usually will increase the viscosity and thus decrease the ionic conductivity 
[222]. For example, for the mixture of EMIMBF4 and LiBF4, when the concentration of 
LiBF4 increases, the viscosity will also increase which results in a decrease of the ionic 
conductivity [242]. Another important aspect is the transport number of lithium ions. 
There are up to four different types of ions in the salt/ionic liquid mixture contributing to 
the ionic conductivity but only lithium ions are relevant for the charge and discharge 
process. Therefore, the ionic conductivity alone does not exactly indicate the 
performance of this kind of electrolyte in lithium ion batteries. 
In Chapter V, we explored the application of PVDF/EC-PC/LiClO4 gel polymer 
electrolyte in lithium ion batteries. The coin cells made with such electrolyte have shown 
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excellent performance. On the contrary, the flexible batteries with the same materials 
suffered from significant capacity decay such that they were not able to deliver a stable 
power. In this chapter, we aim to improve the performance of the flexible lithium ion 
battery by using ionic liquid-based electrolyte because of its high thermal and chemical 
stability. 
2. Experimental 
2.1 Preparation of the gel electrolyte 
The electrolyte consists of 30% PVDF-HFP, 60% EMIMDCA, and 10% LiClO4. It 
was prepared by the same solution-casting method: 1) 0.6 gram PVDF-HFP 
(Mw=400,000, purchased from Sigma Aldrich) was added in 20 mL N,N-
Dimethylformamide (purity 99.8%, Sigma Aldrich) and the mixture was stirred at about 
80 °C for 1 hour; the weights of other materials were calculated based on the weight of 
PVDF-HFP; 2) after the PVDF-HFP was dissolved, the EMIMDCA (Sigma Aldrich) and 
LiClO4 (Sigma Aldrich) were added to the solution and stirred at 50 °C overnight (about 
12 hours); 3) the viscous solution was poured into a glass petri-dish and placed in the 
vacuum oven at a temperature of 50 °C for 24 hours to allow the solvent to evaporate. 
Since the ionic liquid is not volatile, there is no risk of composition change of the gel 
electrolyte during the long-period drying. This is different for the case of volatile organic 
liquids in gel polymer electrolytes and the risk of compositional changes can be present. 
After drying, the PVDF-HFP/ EMIMDCA electrolytes were removed from the oven and 
placed inside the glove box for further use.  
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2.2 Characterizations of the electrolytes  
The ionic conductivity of the electrolyte is the primary property of our concern. It can 
be calculated by the electrochemical impedance spectroscopy of the PVDF-IL electrolyte 
which could be obtained by Metrohm Autolab. The sample was sandwiched between two 
stainless steel electrode discs and the complex impedance spectroscopy was obtained 
with the frequency response analysis (FRA) module in the frequency range of 10 Hz to 
500 kHz.  
The thermal stability of the PVDF-IL electrolyte was examined by the 
thermogravimetric analysis (TGA). The experiment was performed by Q50 TGA, TA 
Instruments. The PVDF-IL electrolyte sample was heated from 20 to 200 °C at a rate of 
10 °C/min. Then, the weight change of the sample was recorded. Thus, we can get the 
weight loss of the sample caused by the evaporation of the components in it. 
2.3 Battery assembly 
To prepare the anode first we dissolve all the materials  (Li4Ti5O12: Carbon black: 
PVDF=8:1:1, purchased from MTI Corporation) in N-Methyl-2-pyrrolidone. Li4Ti5O12 is 
the active material which is for lithium ion de-intercalation. Carbon black is used to 
increase the electrical conductivity of the electrode. PVDF is the binder. The prepared 
slurry was coated onto the aluminum foil by a doctor blade and dried in the vacuum oven 
at 80 °C for 24 hours. The cathode (LiCoO2 on aluminum foil with mass loading of about 
12 mg/cm2) was purchased from MTI Corporation.  
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Figure 6.3. (a) All components of the lithium ion battery are stacked in appropriate order 
and fed to the laminating machine. (b) A photograph of the fabricated flexible 
lithium ion battery. 
Both the cathode and anode were cut into about 1.5 cm×2.0 cm rectangles and a 
copper strip was placed on the aluminum side of each electrode for the electrical 
connection to the external devices. A piece of the PVDF-IL electrolyte was sandwiched 
between the cathode and anode and one drop (about 2 mg) of 1M LiClO4 in EMIMDCA 
was spread on the surface of each electrode to further reduce the interfacial resistance. 
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Then, the whole cell was placed on a thermal-adhesive plastic laminating sheet and the 
laminating machine (Saturn SL-95 Laminating Machine, Amazon) was used to laminate 
the battery. Figure 6.3a shows how to use the laminator to make the battery. After the 
lamination process, the extra parts of the sheet were cut and removed, and the copper 
strips were exposed for battery testing. The fabricated battery is very thin and bendable 
(as shown in Figure 6.3b). In addition, it is very easy to make batteries with different 
shapes and sizes based on this method. 
2.4 Battery testing 
The cyclic voltammograms of the battery were obtained with Metrohm Autolab. The 
battery was connected to the equipment and a voltage profile was applied to the battery. 
The voltage was slowly increased from 1.5 V to 2.8 V at a scan rate of 0.05 mV/s. When 
the voltage reached the maximum it would go back down to the 1.5 V at the same scan 
rate. We tested three such cycles to obtain information about the electrode reactions. 
 
Figure 6.4. The battery is wrapped around a steel cylinder of two cm radius for testing.  
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The cycle performance of the battery was tested by Arbin battery test equipment at a 
constant current density of 35 mA/mg (0.25 C of LiCoO2) in the voltage range of 1.6 V to 
2.7 V. The battery was first tested in the normal/flat condition. To evaluate the 
electrochemical performance of the laminated battery in bending condition, the battery 
was wrapped around a 2 cm radius steel cylinder (as shown in Figure 6.4). 
3. Results and discussion 
3.1 Properties of the PVDF-IL electrolyte 
Figure 6.5a shows a sample of the obtained freestanding gel polymer electrolyte film 
composed of polyvinylidene fluoride-co-hexafluoropropene (PVDF-HFP), 1-Ethyl-3-
methylimidazolium dicyanamide (EMIMDCA) ionic liquid and LiClO4 lithium salt. It 
appears as a solid material although it contains 60 wt% ionic liquid. The properties of the 
solid-like gel polymer electrolyte (PVDF-IL hereinafter) including microstructure, ionic 
conductivity, and thermal stability were examined. 
Due to the micro-porous structure of PVDF-HFP, the liquid phase — ionic liquid 
combined with dissolved lithium salt — are well trapped inside the electrolyte film. The 
microporous structure of the film is clearly evident from the scanning electron 
microscope (SEM) image shown in Figure 6.5b. It can be see that the PVDF-HFP forms a 
network to provide the mechanical support and the liquid phase is distributed inside the 
pores for ion conduction. 
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Figure 6.5. (a) A photograph of the electrolyte sample, (b) the SEM image of the PVDF-
IL electrolyte showing microporous structure.  
The electrolyte film was punched into thin disk-shaped samples for complex 
impedance spectroscopy based ion conductivity measurements. The frequency ranged 
from 500 kHz to 10 Hz.  Figure 6.6 shows the Nyquist plot of the electrolyte. Unlike the 
case of common PEO-based solid polymer electrolytes, the Nyquist plot for the 
fabricated PVDF-IL electrolyte does not exhibit a semi-circle in the high frequency 
region. The intrinsic resistance is estimated by fitting an equivalent circuit to the Nyquist 
plot. The calculated ionic conductivity of the fabricated PVDF-IL electrolyte is about 6 
×10-4 S cm-1.  
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Figure 6.6. Nyquist plot () and the fitting curve (solid line) of the PVDF-IL electrolyte. 
For gel electrolytes made with general organic carbonates, thermal stability is a 
significant concern. Due to its intrinsic volatility, the liquid phase will be gradually 
released during fabrication and storage. This leads to the degradation of the gel 
electrolyte since the ionic conductivity is predominantly determined by the amount of 
liquid in the gel. In sharp contrast, ionic liquids are nonvolatile so that the PVDF-IL gel 
electrolyte can maintain stable composition. Figure 6.7 compares the thermogravimetric 
analysis (TGA) results of our PVDF-IL electrolyte and gel electrolyte composed of 
PVDF-EC+PC. The weight loss of the former is negligible even when the temperature 
rises to 200 °C. 
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Figure 6.7. Comparison of TGA results of PVDF-IL and PVDF-HFP/EC/PC electrolytes.  
3.2 Structure examination of the flexible battery 
Using a simple and economical approach, a flexible lithium ion battery was fabricated 
based on the solid-like PVDF-IL gel electrolyte. The fabrication processes of the 
electrolyte and the flexible battery are described in the experimental section. A common 
office-type laminating machine (Figure 6.3a) was used to laminate the flexible battery 
layers covered by thermal-adhesive plastic sheets with a total process time just under a 
few minutes. The obtained laminated lithium ion battery (Figure 6.3b) has a multi-layer 
structure as illustrated in Figure 6.8. The thermal-adhesive laminating plastic sheet acts as 
the encapsulation to protect the battery from the outside environment and the lamination 
process produces the pressure to keep all the layers in good contact.  
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Figure 6.8. Schematics of the flexible Li ion battery, (c) photo of the multi-layer LIB, and 
(d) SEM image of the battery cross-section. 
As mentioned before, maintaining adequate contact between the layers is essential for 
developing a high performance flexible lithium ion battery. This aspect is especially 
critical for the traditional carbon-based anodes and organic carbonate-based electrolytes 
due to the swelling caused by the gas generated from the electrolyte/electrode reactions. 
Even after replacing carbon-based anode with Li4Ti5O12 this problem persists [243] and a 
degassing process is generally required. Because of the high stability of ionic liquids, the 
gassing problem appears to be suppressed in the flexible batteries fabricated in this study. 
From the scanning electron microscopy (SEM) image of the cross-section of the flexible 
battery (Figure 6.9), it can be observed that the boundary between the active material 
(LiCoO2 or Li4Ti5O12) and the PVDF-IL layers has disappeared, indicating that the two 
layers have merged after the hot laminating process. On the other hand, there appears to 
be a small gap between the active material and the aluminum current collector. This is 
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most likely due to the process of cutting and removal of the sample from the flexible 
battery causing the release of the applied pressure from encapsulation.  
 
Figure 6.9. The SEM image of the battery cross-section. 
3.3 Battery performance 
The electrochemical performance of the flexible battery was evaluated. The 
electrochemical stability of the battery was examined by cyclic voltammetry as shown in 
Figure 6.10. In the voltage range 1.5 V to 2.8 V, two obvious peaks are observed in the 
voltammograms corresponding to the intercalation/deintercalation of lithium ions. The 
heights of these two peaks are almost identical which indicates good reversibility of the 
lithium ion insertion and extraction. No other peaks are found in the voltage range thus 
confirming that no side reaction has occurred. In addition, we found a slight difference 
between the first cycle and the following two cycles. This might be due to the very small 
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amount of impurity inside the battery. Also, the structural change of the electrodes could 
be another reason. 
 
Figure 6.10. Cyclic voltammograms (CVs) of the flexible battery with LiCoO2/Al 
cathode, Li4Ti5O12/Al anode, and PVDF-IL electrolyte. 
Figure 6.11 shows the galvanostatic charge-discharge profiles of the battery for 
selected cycles. We can see that at the beginning of the charging, the voltage increases 
dramatically because of the accumulated charge at the two electrodes. When the voltage 
reached about 2.5 V, the intercalation of lithium ions occurred and the increasing of the 
voltage became slow. Instead of the flat plateaus at this reaction region that are usually 
observed for the batteries based on organic liquid electrolytes, the voltage for the 
fabricated flexible LIBs, however, exhibits an increasing/decreasing trend. This trend was 
also observed in the case of the battery based on polyethylene oxide (PEO) gel electrolyte 
and it may be attributed to the high polarization of the polymer electrolyte [80]. The 
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increased polarization would create an addition electrical field in the electrolyte and 
impair the transport of the lithium ions. 
 
Figure 6.11. Charge-discharge profiles of the battery for 1st (flat), 10th (flat), and 20th 
(bending) cycles. 
The battery is charged and discharged in both flat and bent positions and the results 
are shown in Figure 6.12. It can be seen that except for the first cycle, the Coulombic 
efficiencies of all the cycles are about 98%. This result is consistent with the cyclic 
voltammograms as shown in Figure 6.10 where the first cycle is different with the 
following cycles. In average, the battery can deliver about 300 µAh/cm2 capacity for 20 
cycles. However, we can still observe the slow degradation of the capacity. It is not as 
significant as in the case of flexible battery made with EC and PC in the Chapter V, but 
still not desirable for practical use. In addition, we found that when the flat battery is 
bent, a capacity jump occurs. This may be attributed to the increased pressure between 
the layers under bending and the consequent reduction of the interfacial resistance. 
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Figure 6.12. Discharge capacities and Coulombic efficiencies of the battery for 20 cycles 
in flat and bent (2 cm radius) positions. 
From the discharge profile, we can find that the average working voltage of the 
battery is about 2.1 V. It is lower than that of the lithium metal- or graphite-based lithium 
ion batteries. However, the battery safety is ensured through the use of non-volatile, 
inflammable PVDF-IL electrolyte. Also, the battery can work functionally (in some 
cases, even better) while its shape is changing. In Figure 6.13, a red LED (~2.0 V) is 
lighting up by a bent flexible lithium ion battery. Therefore, the flexible battery 
fabricated in this study, based on PVDF-ionic liquid electrolyte, can be a promising 
energy storage device for integration with flexible electronics and applications. 
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Figure 6.13. Bent flexible battery lighting up a red LED (~2.0 V). 
4. Conclusions 
In summary, a safer flexible lithium ion battery is fabricated based on a solid-like gel 
electrolyte consisting of EMIMDCA ionic liquid and PVDF-HFP polymer matrix. The 
ionic conductivity nearly reached 6 ×10-4 S cm-1 with a polymer to ionic liquid ratio of 
1:2. This solid-like electrolyte is non-volatile with a stable composition up to 200 °C. 
This electrolyte is an ideal candidate for a low-cost, simple lamination method to 
fabricate high performance flexible lithium ion batteries. The battery shows relatively 
stable energy delivery capability and can function in both flat and bent configurations. 
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Chapter VII Conclusions and Future Work 
1. Conclusions 
1.1 Polymer electrolytes for lithium ion batteries 
In this study, we have investigated the properties of several different polymer-based 
electrolytes and explored their applications for lithium ion batteries by means of 
theoretical modeling, computer simulation, and experiments. In general, the polymer-
based electrolytes have high thermal and chemical stability and thus could enhance the 
safety of the battery. Also, their thin-film manufacturing ability and high mechanical 
strength make them excellent candidates for the development of thin, flexible lithium in 
batteries. 
Mixture of polyethylene oxide (PEO) and lithium salt is the widely used solid 
polymer electrolytes for lithium ion batteries. It has been used in our lab to fabricate 
flexible lithium ion batteries as we introduced in Chapter IV. Those batteries could 
deliver a stable power while they are bending and they could work functionally even after 
hundreds of bending cycles. In order to expand this research field, another polymer, 
polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP), has been used as the 
alternative polymer host. The obtained solid polymer electrolytes have shown promising 
ionic conductivity but we found that might be due to the residual solvent inside the 
electrolytes. The decay of both the weight and the ionic conductivity with increasing 
drying time supported our conclusion. The coin cell made with such solid polymer 
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electrolyte suffered from the large capacity loss in the first several charge/discharge 
cycles due to the side reactions. 
 For solid polymer electrolytes, low ionic conductivity is still a big obstacle for their 
applications in lithium ion batteries. Gel polymer electrolytes, which are characterized by 
higher room temperature ionic conductivity and better mechanical properties, thus have 
gained attention. In Chapter V, we explored the application of the gel polymer 
electrolytes using PVDF-HFP as the polymer host in lithium ion batteries. We found that 
the ionic conductivity of this electrolyte is largely decided by the amount of liquids and 
the salt concentration also plays a role. With low polymer content (25 wt%), its ionic 
conductivity could reach 10-3 S/cm. Coin cell lithium ion batteries made with the gel 
electrolyte have shown promising performance including high discharge capacity, high 
Coulombic efficiency and good capacity retention for up to 30 cycles. 
1.2 Performance enhancement by functional additives 
In order to enhance the performance of polymer electrolytes, different additives have 
been added. In Chapter IV, we have shown that the added graphene oxide nanosheets 
could increase ionic conductivity and the performance of the flexible lithium ion 
batteries. The possible mechanisms of this behavior have been investigated in Chapter II. 
We proposed a model of the ion conductivity enhancement of polymer nanocomposite 
electrolytes as a function of nanofiller content. Based on the free volume theory, we 
derived an expression of the ionic conductivity for unfilled solid polymer electrolytes. 
Then, we split the effects of nanofillers according to the interaction between polymer, 
nanofillers and lithium salt. Both enhancement and adverse effects of nanofillers on ion 
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conductivity were considered including salt dissociation, free volume expansion and 
distribution, diffusion blocking, filler aggregation, ion trapping, and chain confinement. 
Finally, an equation of ionic conductivity enhancement using several adjustable k-
parameters was obtained. We fitted the equation to some ionic conductivity experimental 
data of polymer nanocomposite electrolytes with different nanofillers and the results have 
shown that our model agrees very well with the experimental results. It could explain 
ionic conductivity enhancement and degradation as well. It could also be used to fit the 
temperature dependency of the ionic conductivity. In our model, several k-parameters are 
involved and each of them has some physical meaning behind it. Their contributions to 
the final ionic enhancement were studied by the following method: each k-parameter was 
doubled while other parameters remained the same and the resulting ionic conductivities 
were compared. We identified that the free volume factor has more significant influence 
on ionic conductivity enhancement. Overall, this model can offer insight into the 
fundamental mechanisms of ion conductivity in the polymer-salt-filler system and 
facilitate a more effective design of polymer nanocomposite electrolytes. 
Molecular dynamics simulation can help to understand the behavior of materials in 
the microscopic level. In Chapter III, we performed molecular dynamics simulations of a 
polymer nanocomposite electrolyte. The model consisted of a TiO2 nanofiller embedded 
in PEO/LiClO4 electrolyte. Each PEO chain had 200 repeated units and a EO:Li ratio of 
10:1. The LiClO4 was added as dissociated ions and they were distributed in the model 
randomly at the beginning. We constructed several models with different TiO2 nanofiller 
to study the influence of the nanofiller’s properties (size, shape, and surface feature) on 
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the electrolyte. Also, a model without the nanofiller was generated as the reference. The 
structural and dynamic properties of all the models were compared. From the 
comparison, we have found that the nanofillers can affect the salt dissociation, lithium-
ion mobility, and the dynamics of PEO chains. Among all the nanofillers, those with 
repulsive surface showed good performance in both the suppression of ion-cluster 
formation and the enhancement of lithium ion mobility. This indicates that the surface 
property of nanofillers plays a crucial role in ionic conductivity of polymer 
nanocomposite electrolytes. Also, the smaller size (lower volume fraction) nanofiller is 
found to better increase the mobility of lithium ions. Regarding the shape of the 
nanofiller, we could not observe significant effects for two nanofillers with different 
shapes in the condition of equal volume. 
In addition to nanofillers, various liquids can also be used as additives to enhance the 
ion conductivity of polymer electrolyte. It results in a mixture of polymer and liquid 
electrolyte. The choice of the liquid and its amount will decide the properties of this 
generated gel polymer electrolyte. Organic carbonates are widely used in this type of 
electrolyte. However, those liquids have low thermal and chemical stability and thus, 
may carry some safety issues with respect to batteries. This concern will become more 
significant in flexible batteries. In order to maintain the stability of the solid polymer 
electrolyte and meanwhile obtain enhanced performance, ionic liquids have been used in 
the development of polymer electrolytes. In Chapter VI, a highly conductive (ionic 
conductivity of 27 S/cm) ionic liquid, EMIMDCA, was incorporated with PVDF-HFP 
and lithium salt to make a gel polymer electrolyte. The obtained electrolyte is a 
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freestanding thin film and exhibited solid appearance. The ionic conductivity of such 
polymer electrolyte could reach 6 ×10-4 S cm-1 with a polymer to ionic liquid ratio of 1:2. 
This solid-like electrolyte is non-volatile showing stable composition up to 200 °C. 
Because of the high stability, it has been used for a low-cost, simple lamination method 
to fabricate high performance flexible lithium ion batteries. The battery shows relatively 
stable energy delivery capability and can function in both flat and bent configurations. 
2. Future work 
2.1 Modification of ionic conductivity enhancement model 
In Chapter II, we derived an equation (Equation 2.17) for the dependence of ionic 
conductivity enhancement on the loading of nanofiller. The equation is based on the free 
volume model for diffusion. It is able to fit to some sets of experimental data and from 
the fitting parameters we could obtain some insight regarding the effects of different 
nanofillers. However, compared to the well-known Arrhenius/VTF equation for 
temperature dependency of ionic conductivity, our proposed model is more complex. 
Thus, we are interested in further simplification of the model. From the derivation we can 
see that the complexity mainly comes from the free volume expansion induced by the 
nanofiller. Therefore, more detailed study for free volume in the polymer materials would 
be the key step for this work. Also, more fitting of our model to different experimental 
results would be helpful. 
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2.2 Challenges of MD simulation 
2.2.1 Equilibration times 
In Chapter III, we have performed the MD simulation for PEO/Li salt/nanofiller 
system. One difficulty we have encountered is the simulation time. For each model, less 
than 4 ns simulation took about 2 weeks in a computer cluster with 16 cores. This time-
consuming calculation makes long equilibration times unrealistic. However, for polymer 
materials, because of the very slow relaxation of the long chain molecules longer 
equilibration time might be desired. Thus, it would be important to know that how much 
equilibration is needed for polymer systems to ensure reliable results. A fundamental 
investigation of this issue is of our interest. It could provide insight into the role of 
equilibration times in MD simulations of polymer materials.    
2.2.2 Nanofiller dispersion 
Another difficulty is the modeling of nanofiller. In this study we cut the TiO2 from a 
periodic crystal so that the structure of the nanofiller is the same as the bulk material. 
This seems a practical method to obtain a nanoparticle of certain material. However, in 
reality the structure of the nanofiller might have some difference with the bulk material. 
More important is that in the study of polymer nanocomposite electrolytes, their 
properties are usually measured at different concentration of nanofiller. In MD 
simulation, this means that a large model with several nanofillers is required. In order to 
limit such a simulation to a practical time, such a model should have simplified structure 
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(e.g., a nanofiller is represented by a single bead). However, that simplification might 
need a thorough consideration on the force field.   
2.3 Improvement of flexible lithium ion batteries 
From some results reported in literature and in this study, the performance of flexible 
lithium ion batteries still needs more progress. Because of the lack of rigid case, the 
common degradation problem might become more critical in flexible lithium ion batteries 
including the SEI formation. For coin cell battery, the SEI formation usually means the 
loss of reversible capacity. In flexible battery, that may result in the failure of the whole 
device since the accompanied gas generation may damage the encapsulation. This 
problem can be circumvented using “dry” solid polymer electrolyte and ceramic 
electrolytes. However, their ionic conductivity is lower than that of the liquid/gel 
counterparts. 
To further improve the performance of flexible batteries, two different approaches 
can be employed: First would be using new designs and fabrication methods of the 
electrodes to make them more compatible with solid electrolytes that generally exhibit no 
SEI formation. The goal is to reduce the high interface impedance. Also, this method 
requires high ionic conductivity solid electrolytes. In the second method, we can keep the 
current electrodes and put the focus on developing more stable and highly Li-conducting 
liquid/gel electrolytes. Ionic liquids are promising materials for this purpose. However, 
the conduction of lithium ions in these room temperature molten salts needs more 
investigation.  
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Appendix A 
Mitigating the Dead-layer Effect in Nanocapacitors Using Graded 
Dielectric Films 
1. Introduction 
Nanocapacitors have received considerable attention in recent years due to the 
promise of high energy and power densities and utilization in nanoelectronic applications 
[244-246]. Using high dielectric constant materials (i.e., BaTiO3 and SrTiO3 with 
perovskite structures [247]) and nanoscale dielectric films, the capacitance of 
nanocapacitors can theoretically approach very high levels. However, there are certain 
challenges and bottlenecks that must be overcome [248, 249]. Several studies have 
addressed design, materials and fabrication issues associated with nanocapacitors [250-
253], unexpected low capacitance or “dead-layer” effect [254, 255], and quantum 
electrical phenomena in nanocapacitors [256, 257]. In this study, we focused on 
mitigating the “dead-layer” effect by grading the dielectric film properties. 
The promise of high energy density in nanocapacitors emerges from the basic 
capacitance and energy storage theories. As the classical capacitance is inversely 
proportional to the distance between the parallel plates and the energy stored in a 
capacitor is directly proportional to the capacitance, transitioning from microscale to 
nanoscale capacitor can lead to several orders of magnitude increase in capacitance and 
subsequently, significant enhancement in energy storage. However, experimental 
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measurements have shown rather unexpected results and the capacitance of 
nanocapacitors are found to be much lower than that predicted from classical theories 
[258-260]. Recent ab intio simulation [261] by Stengel and Spaldin has verified that for a 
2.7 nm SrTiO3 (STO) capacitor, the actual capacitance is 258 fFµm-2 rather than the 
classical theory prediction which is 1600 fFµm-2 (Figure A1a). It appears as if a layer of 
very low permittivity (“dead layer”) is present at the metal/dielectric interface, “Ci”, and 
when in series with the dielectric film, “Cd”, causes a dramatic drop in the overall 
capacitance, “Ceff”. The relation of those capacitances is 
!!!"" = !!! + !!! + !!! . (A1) 
Thus, the term “dead layer” has been coined in relation to this observed phenomenon 
[262-264].  The overall capacitance of is The cause of dead-layer effect was initially 
attributed to the material defects, but improved manufacturing process [265] disproved 
this notion, verified by the ab intio simulation [261], and the problem of low capacitance 
continued to persist even in defect-free nanocapacitors. Recent studies have identified 
two main causes for the “dead-layer” effect: flexoelectricity and incomplete screening. 
Flexoelectricity refers to the behavior of centrosymmetric, non-piezoelectric materials 
(Figure A1b) that when subjected to non-uniform strain, can exhibit polarization [266, 
267]. Incomplete screening refers to the phenomenon where the electric field penetrates 
into the metal as shown in Figure A1c [254]. 
In order to mitigate the “dead-layer” effect in nanocapacitors, we can focus on either 
the electrodes or the dielectric films. The results of the ab initio simulation [261] by 
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Stengel and Spaldin indicated that using metals such as Pt or Au with shorter electronic 
screening length could reduce the dead-layer effect. On the other hand, since graded 
materials have been used to improve mechanical and electrical performances [268], in 
this study, we explore graded dielectric films to enhance the capacitance of 
nanocapacitors. 
 
Figure A1. (a) Classical capacitance (per unit area) prediction (𝐶 = 𝜀 𝑑 , 𝜀! = 490), at 
nanoscale dielectric film lengths and ab intio simulation result (b) 
Schematics of centrosymmetric nonpiezoelectric material exhibiting 
polarization when subjected to non-uniform strain (c) Incomplete screening 
caused by electric field penetration into electrode metal. 
2. Theoretical Analysis 
Capacitance is defined as the ratio of free charge to the	  voltage drop. Using Gauss’s 
law, we can relate the electric field, “E”, polarization vector, “P”, and permittivity, “εo”, 
to free charge density, “ρf”, in the capacitor by Equation A2 
∇ ∙ 𝜀!𝐸 + 𝑃 = 𝜌! . (A2) 
The term inside the parenthesis in Equation A2 is known as the electric displacement, 
“𝐷”.  
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For a parallel-plate capacitor, the magnitude of electric displacement is equal to the 
free charge density at the plate surface and the direction is from positive to negative 
electrode. Therefore, the specific capacitance can be expressed as 
𝐶! = !! . (A3) 
2.1. Homogeneous dielectric film 
For the homogeneous dielectric film capacitor system illustrated in Figure A2, we can 
use Mindlin’s model [269, 270] for 1-D case to describe the relations between three 
independent fields, namely displacement “u”, polarization “P”, and electric potential "𝜙". The governing equations can be expressed as 
                                            𝑐𝜕!𝑢 + 𝑑𝜕!𝑃 = 0𝑑𝜕!𝑢 + 𝑏𝜕!𝑃 − 𝑎𝑃 − 𝜕𝜙 = 0                                            −𝜀!𝜕!𝜙 + 𝜕𝑃 = 0 ,               (A4) 
where “c” is the elastic constant, “d” is a coupling factor that addresses both 
polarization-gradient to strain and polarization to strain-gradient coupling, “b” is the 
polarization-gradient coupling factor, and “a” is the reciprocal dielectric susceptibility 
(εoa =  𝜂!!) [269]. 
The boundary conditions are 
(𝑐𝜕𝑢 + 𝑑𝜕𝑃)!!±! = 0𝑃 −ℎ = 𝑃 ℎ = −𝜀!𝑘𝜂𝑉!/ℎ(𝜙)!!±! = ±𝑉!     . (A5) 
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Where “h” is the half thickness of the dielectric film, “k” is the penetration constant, 
“η” is dielectric susceptibility, and Vd is the voltage at the metal electrodes. The 
parameter “k” controls the depth at which the electric filed penetration occurs [270, 271].  
 
Figure A2. Schematic of a parallel-plate capacitor. 
The solution to the specific capacitance is obtained as 
𝐶!! = !!!"!!!!! = !!!!!"   !! !"#! !"#$  (!!)!! !"! !"#$  (!!) = !!!!!"    !!!!!! !"! !"#$  (!!)!!!!!! !! !"#$  (!!)  , (A6) 
where  “𝜀!” is the relative permittivity and  
𝑙 = (𝑏 − 𝑑! 𝑐) (𝑎 + 1 𝜀!) . (A7) 
The parameter “l”	  is defined as the longitudinal flexoelectric length scale and it is a real 
number due to the positive definiteness of energy density [269]. This solution can be 
found in Mindlin’s papers [269, 270] and recent work by P. Sharma’s group [271]. 
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2.2.Graded dielectric film 
In order to increase the effective capacitance, the properties of the dielectric film are 
graded (Figure A3a) with a linear grading function as depicted in Equation A8 and Figure 
A3b. The main graded properties are relative permittivity “εr” (Equation A9) and elastic 
constant “c” (Equation A10). Those equations are listed below 
𝑔 𝑥 = 𝑤 !!!!   , (A8) 
𝜀! = 𝜀!! 1+ 𝜆𝑔 𝑥 ;     0 ≤ 𝜆 ≤ 1, and           (A9) 
𝑐 = 𝑐! 1+ 𝜆𝑔 𝑥  , (A10) 
where w is the grading direction and the subscript “0”represents the original (ungraded) 
parameters. The overall capacitance of a graded film can be determined by using 
perturbation theory as 
𝐶! = 𝐶!! + 𝜆𝐶!! , (A11) 
where “Cs0” is the capacitance of the original homogeneous film (Equation A6) and  
“Cs1” is the added capacitance due to grading.  It should be noted that the parameter “𝜆” 
in Equation A10 and A11 has different meanings, respectively. In Equation A10, it is 
related to how you grade the films. However, in Equation A11, it is just a number more 
less than 1 which comes from the perturbation theory. In our current work, we assume 
they are identical (=0.1) to make the calculation simple. 
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Figure A3. (a) The capacitor with graded dielectric film (b) Linear grading function g(x) 
(c) Dielectric film with graded relative permittivity “ɛr”. 
First, we grade the relative permittivity “εr” and elastic constant “c”, separately. 
When we grade “εr” the relation between the coefficients “a” and “εr” should be 
considered. According to Equation A9 and the following relation 
𝑎𝜀! = (𝜀! − 1)!! , (A12) 
we obtain 
𝑎!! = 𝑎!!! 1+ 𝜆𝑔 𝑥 + 𝜀!𝜆𝑔 𝑥  .      (A13) 
By substituting Equation A13 into the G.E and B.C. equations (Equation A4, A5), we 
found that the added capacitance due to grading “εr” only is 
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𝐶!! = −𝑤 !!!!!!!!! !!!!!!!!" ! !!!!! 𝑒!! −4𝑎!𝐴!ℎ! cosh !! + 2𝑙 2𝑎!𝐴!ℎ +
𝑉! 𝑘! + 𝑘! + 2𝑎!𝑘!𝜀! 𝜂! sinh !! + 𝑎!𝐵!ℎ 2ℎ − 𝑙𝑠𝑖𝑛ℎ !"!  . (A14) 
The added capacitance due to grading “c” only is 
𝐶!! = −𝑤 !!!!!!! !!"!!"#$! !"!!!!!! ! !"#$ !! !!!! !"#$ !!  . (A15) 
Then, we grade both “c” (w=w1= −1) and “εr” (w=w2=1), simultaneously, to obtain 
𝐶!! = !!!!!!!!!!! !!!!!!!!" ! !!!!! 𝑒!!! −2𝑒!! −1+ 𝑒!"! 𝑘! + 𝑘! 𝑙!𝑉!𝜂! 1+
𝜂! 𝑤! + 𝑎! 4𝐴!𝑒!!ℎ𝑙! ℎ + 𝑒!"! ℎ − 𝑙 + 𝑙 1+ 𝜂! 𝑤! + 2𝑒!"! −4𝑘!𝑙!𝑉!𝜀! 1+
𝜂! sinh !! 𝑤! + ℎ −𝐵!𝑓𝜀!𝜂!!𝑤! + 𝐵!𝑙! 1+ 𝜂! 𝑤! −2ℎ + 𝑙𝑠𝑖𝑛ℎ !"!  ,  (A16) 
where the parameters B1, B2, B3, A2, and A3 are defined as [271] 
𝐵! = 1− 𝑘! 𝜂!𝑉!/[𝜂! 𝑠𝑖𝑛ℎ !! + !! 𝑐𝑜𝑠ℎ !! ]   ,  
𝐴! = (𝐵!/𝜂!𝑙)𝑐𝑜𝑠ℎ  (ℎ/𝑙)+ 𝑘!𝑉!/ℎ] ,  
𝐴! = −𝜀!𝜂!𝐴!;   𝐵! = 𝜀!𝐵!/𝑙 = −𝑐!𝐵!𝑑 , and 
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𝑘! =   𝑘! = 0.3;   𝑘! =   1.2𝑘! = 0.36.          (A17) 
The details of solving the PDEs can be found in the appendix. 
3. Results and discussion 
The material constant values used in the calculations of specific capacitance for the 
2.7 nm SrTiO3 nanocapacitor are listed in Table A1[272]. 
Table A1. Selected parameters and their values for SrTiO3 dielectric film. 
Parameter Value Units 
εr 3.00×10! unitless 
b 4.14×10!! Nm4/C2 
c 3.5×10!! N/m2 
d −1.2×10! Nm/C 
 
The results of the specific capacitance of uniform and graded dielectric films are 
tabulated in Table A2. The relationships between the original capacitance “Cs0” and the 
added capacitance “Cs1” (for three different grading cases) with the longitudinal 
flexoelectric length scale “l” and other parameters are shown in Figure A4 and A5. 
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Table A2. Specific capacitance of uniform and graded dielectric film. 
Capacitance 
Parameter 
Graded 
Parameter 
Grading 
Direction, 
W 
Specific 
Capacitance 
(fFµm-2) 
Added 
Capacitance 
0.1*Cs1 (fFµm-2) 
Enhancement 
0.1*Cs1/Cs0 
Cs0 
Not 
Graded 0 301.65 0 0% 
Cs1 𝜀! 1 320.895 32.09 10.64% 
Cs1 c -1 495.701 49.57 16.43% 
Cs1 𝜀!   & c 1&-1 816.596 81.66 27.07% 
 
From Figure A4, we notice that the capacitance exhibits linear behavior with respect 
to the relative permittivity, which can also be verified by inspecting Equation A6, A7 and 
A12. Since we generally use materials with high relative permittivity (in the order of 102 
or 103), the constant “a” will be several orders of magnitude smaller than “ !!!” (Equation 
A12) and similarly, the term “ !!!!!” will be several orders smaller than the rest of the 
summation (Equation A6). Consequently, changing of “εr” does not affect the value of 
“l”	  and furthermore, the second fraction of Equation A6. Considering the linear grading 
function g(x) in the case of w=1, its range is [0, 2]. Therefore, the graded relative 
permittivity “εr” is in the range of [ε!", 1.2ε!"]. According to the linear relation shown in 
Figure 4A, the overall capacitance of the dielectric film with graded “εr” based on  
εr=300 should fall into the range of [301.65 fFµm-2, 360.683 fFµm-2] which includes our 
result of 320.895 fFµm-2. 
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Figure A4. The relations between “Cs0” and “0.1*Cs1” (due to grading either “c” or 
“ɛr”) with “l” (a), “ɛr” (b), and“c” (c), respectively. 
For the case of grading “c”, we have found a large window of capacitance 
enhancement. That can be attributed to the high sensitivity of “l” with respect to the 
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values of “b”, “c” and “d” and thus, its impact on the overall capacitance. Generally, 
increasing  “l”	  will lead to reduction in capacitance. We observed a critical value of “l”	  
around 1 Ǻ below which the curve is very sharp. Above this value (l=1 Ǻ), the curve is 
nearly flat (slightly decreasing with “l”). Therefore, there are corresponding critical 
values of “b”, “c” and “d” (Equation A7). We have found that below those values, the 
added capacitance becomes unstable, i.e., a slight change in the parameter will result in a 
very large added capacitance (Figure A4 and A5).  Thus, it is recommended to use 
parametric values above the critical points to remain in the “stable” regions of the Cs1 
curves. 
 
Figure A5. The relations between “Cs0” and “0.1*Cs1” (due to grading both “c” and 
“ɛr”) with “ɛr” (a),	  “b” (b),	  “c” (c), and “d” (d).	  
Based on the parametric values we used for the 2.7 nm SrTiO3 nanocapacitor (Table 
A1), larger capacitance enhancement was achieved by combined grading of “εr” with w 
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=1 and “c” with w = −1. The results of the original capacitance “Cs0”, the added 
capacitance “0.1*Cs1”, and the total capacitance “Cs” of different size nanocapacitors are 
shown in Figure A6. For 2h=2.7nm, the capacitance enhancement is found to be as large 
as 27%. Thus, based on our results, grading appears to be an effective method for 
enhancing capacitance in nanocapacitors. 
 
Figure 6. The change of the original (“Cs0”), added (“0.1*Cs1”) and overall (“Cs”) 
specific capacitance (due to grading both “c” and “ɛr”) as the thickness of the 
dielectric film increases.	  
4. Conclusion 
By using perturbation theory, we have calculated the enhancements of capacitance 
due to grading of selected properties of the dielectric films in the parallel-plate 
nanocapacitors. Combined grading of the relative permittivity “εr” and the elastic 
constant “c”, resulted in the enhancement of 27% for the 2.7nm SrTiO3 nanocapacitors. 
We also studied the impact of various parameters on the capacitance. Higher “εr” and 
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lower longitudinal flexoelectric length scale “l”	   will lead to higher capacitance 
enhancement especially when “l” reduces to 1 Ǻ. However, the value of “l”	  was found 
to be very sensitive around 1 Ǻ with altering “b”, “c” and “d”.   
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Appendix B 
Table B1. The force field parameters used in the Chapter III (Equation 3.1 and 3.2)  
Bonds Kij (kcal mol-1 Å-2) r0 (Å)     
C-C 309.194 1.513 
  
C-O 369.733 1.390 
  
C-H 327.717 1.090 
  
Cl-O 350.000 1.440 
  
Angles Kijk (kcal mol-1 rad-2) Ө0 (deg)     
C-C-H 42.924 98.400 
  
H-C-H 38.551 93.400 
  
O-C-C 59.535 96.500 
  
O-C-H 56.034 100.800 
  
C-O-C 74.544 107.100 
  
O-Cl-O 100.000 109.500 
  
Dihedrals K1 (kcal mol-1) K2 (kcal mol-1) K3 (kcal mol-1) K4 (kcal mol-1) 
O-C-C-H 0.278 0.000 0.000 -0.278 
H-C-C-H 0.278 0.000 0.000 -0.278 
C-O-C-H 0.808 0.000 0.000 -0.808 
O-C-C-O 2.602 0.050 -2.552 0.000 
C-O-C-C 2.021 -1.001 -0.701 -0.320 
Non-bonded 
Aij (kcal mol-1) or 
Aʹ′ij(kcal mol-1 Å12) 
Bij (Å-1) 
Cij (kcal mol-1 
Å6) 
  
H-H 2651.299 0.267 27.389 
 
H-C 4322.793 0.293 138.332 
 
H-OPEO 14185.128 0.256 104.539 
 
H-Li 5002.437 0.192 0.000 
 
H-Cl 5284.667 0.297 207.110 
 
	   181	  
Table B1 (continued)    
H-OLiClO4 5284.928 0.276 86.977 
 
H-Ti 88630.000a N/A 32.000 
 
H-OTiO2 14175.980 0.256 103.950 
 
C-C 14985.539 0.324 641.213 
 
C-OPEO 33724.143 0.280 505.891 
 
C-Li 22380.760 0.211 0.000 
 
C-Cl 29407.119 0.327 1002.098 
 
C- OLiClO4 29415.215 0.304 420.836 
 
C-Ti 125000.000a N/A 496.000 
 
C- OTiO2 33702.400 0.280 503.040 
 
OPEO-OPEO 75893.733 0.246 399.130 
 
OPEO-Li 55853.769 0.184 0.000 
 
OPEO-Cl 138350.274 0.285 790.617 
 
OPEO- OLiClO4 138529.656 0.265 332.024 
 
OPEO-Ti 97622.000a N/A 32.000 
 
OPEO- OTiO2 75844.800 0.246 396.890 
 
Li-Li 44186.257 0.137 0.000 
 
Li-Cl 83642.765 0.213 0.000 
 
Li- OLiClO4 83708.296 0.198 0.000 
 
Li-Ti 83247.274 0.145 0.000 
 
Li- OTiO2 76010.943 0.179 0.000 
 
Cl-Cl 781407.189 0.330 1566.093 
 
Cl- OLiClO4 787164.229 0.307 657.689 
 
Cl-Ti 748199.920 0.225 435.313 
 
Cl- OTiO2 403203.654 0.278 1044.706 
 
OLiClO4- 
OLiClO4 
793006.730 0.285 276.200 
 
OLiClO4-Ti 753476.394 0.210 182.812 
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Table B1 (continued)    
OLiClO4- 
OTiO2 
404731.035 0.258 438.730 
 
Ti-Ti 717700.000 0.154 121.000 
 
Ti- OTiO2 394176.450 0.190 290.387 
 
OTiO2-OTiO2 271700.000 0.234 696.900   
a The value is for the parameter Aʹ′ij 
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